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Abstract 
In this project we aim to produce a thermally triggered PLGA particulate gel, which is 
injectable and biocompatible. This will act as a scaffold for soft tissue repair. Three 
coating polymers were tested; Pluronics (PEG-PPG-PEG), poly(PPGMA-co-PEGMA) 
and poly(PNIPAm-DMA+). These were first tested as a dilute solution for clouding 
behaviour and then added to PLGA nanoparticles dispersions and tested rheologically 
for gel behaviour. These three polymers were chosen for their amphiphilic nature 
which may allow for surface attachment and decreasing miscibility with temperature. 
 
The PLGA copolymer in this work contained 75 % lactic acid and 25 % glycolic acid, 
and was made into a nanoparticle dispersion by interfacial deposition. 
 
The Pluronic L62 showed a promising cloud point temperature (Tclpt) of 37 °C, but did 
not show gel behaviour with the PLGA dispersions. It conferred thermally triggered 
aggregation, which may be useful as a drug delivery system. The poly(PPGMA-
PEGMA) was synthesised using a free radical polymerisation feed method. These 
copolymers showed promising Tclpt values (20-37 °C) but only showed increased 
viscosity when heated at high concentration and when mixed with a PLGA dispersion. 
The structure-property relationships for these copolymers were analysed. 
Poly(NIPAM-DMA+) showed gelation at low concentrations without the particles, 
when the particle dispersion was added the gel maintained its strength up to 300% 
strain. This is unlike most particulate gels which tend to be brittle. Using cell culture 
the biocompatibility of these gels was tested. After 72 hours the cells appeared healthy 
and to be proliferating. 
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1 Introduction 
This project attempts to tackle two problems in modern tissue engineering and cell 
delivery, firstly allowing cells to be injected without them migrating and being wasted, 
and secondly placing a scaffold within a body without surgery. The first problem is to 
be solved by the presence of a scaffold. The second is to be solved by using colloid 
aggregation phenomena to create a thermoresponsive cell delivery system. If 
successful, this could greatly improve patient recovery time. 
 
A biocompatible and biodegradable thermoresponsive polymer used to coat a particle 
dispersion should form a three dimensional matrix, with high porosity, by aggregation 
when the temperature exceeds a critical temperature. This should allow for an 
injectable dispersion containing both scaffold and cells, which when placed into the 
body via syringe at room temperature will warm to body temperature and gel. A 
schematic of this is shown in Figure 1.1. 
 
This material could form the basis for cell delivery in several areas including 
neurology, endocrinology, hepatology, and orthopaedics. The system could also be 
surface engineered to mimic extra cellular matrix components and could be used as a 
growth factor or drug depot. The components are well understood and trusted, with 
long track records of use in the body, which increases confidence in FDA approval for 
the proposed purposes. 
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This project was part of a collaborative EPSRC project and the microparticle part was 
performed by the University of Nottingham under the supervision of Prof. Kevin 
Shakesheff and Cameron Alexander. The colloidal and nanoparticle aspect was 
performed at the University of Manchester and will be explained below. 
 
 
Figure 1.1. Graphic representation of the proposed final gelation system, containing 
polymer coated particles and cells.1  
 
1.1 Layout of Thesis 
Within this thesis the experimental chapters are presented separately, each with its 
own introduction, results, discussion, and conclusion sections. By separating the 
chapters in this manner it is intended to give the reader a clear view to each section of 
research.  
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The literature review (chapter 2) discusses previous work and introduces concepts that 
are important to the experimental work discussed. These concepts were used to choose 
materials and experiments that explored the properties of these materials. They allow 
for a deeper understanding of the mechanisms involved in flocculation, aggregation, 
and gelation.  
 
The first experimental chapter (chapter 3) investigates the thermally triggered 
aggregation of Pluronic coated PLGA nanoparticles produced using an interfacial 
deposition method. The next chapter (chapter 4) investigates the thermally responsive 
behaviour of poly(PPGMA-co-PEGMA) copolymer solutions and that of their coated 
PLGA dispersions. 
 
The final chapter investigates the thermal gelling properties of poly(PNIPAm-DMA+) 
graft copolymer coated dispersions, and their viability as a cell supporting matrix 
under physiological conditions. 
 
The conclusions chapter brings together the previous chapters to give a global 
perspective to the project and propose future work that could further perfect the 
materials and mechanisms to give a biocompatible, injectable, thermoresponsive gel 
that could be approved by the FDA. 
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2 Literature review 
2.1 Introduction 
This chapter aims to give the reader a good understanding of the literature in three 
pertinent fields; a) thermally responsive polymers, b) dispersion stability and c) tissue 
engineering. It will also introduce the materials and techniques that are used for 
investigation in the following chapters. 
 
2.2 Thermally responsive polymers 
Thermally responsive polymers are those that show lower critical solution temperature 
(LCST) behaviour. Meaning that as the temperature reaches the LCST the hydrophilic 
character of the polymer is lost, and the chains collapse and form hydrophobic 
interactions with each other. This tends to be characterised by either formation of 
micelles or gelation. Polymers which show this response are often of amphiphilic 
nature allowing for its more hydrophilic chains to extend into solution after micelles 
have formed2-6. 
 
One of the best known examples of a synthetic thermoresponsive polymer is poly(N-
isopropylacrylamide)7. PNIPAm has hydrophilic amide and hydrophobic isopropyl 
groups, which both decrease in solubility as temperature increases. It has a LCST of 
32 °C8,9. Other examples are polymers formed using poly(ethylene oxide) (PEO) and 
poly(vinyl alcohol) (PVA) in water10, PEO shows a similar decrease in solubility due 
to the oxygen in it repeat unit11. Another polymer/solvent system which shows this 
effect is poly(acrylic acid) in 1,4-Dioxan10. 
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At temperatures below the LCST of a polymer, water is a good solvent, and the 
polymer chains exist as coils. As the temperature increases above the LCST, the 
hydrogen bonding between the water and the amide groups become disrupted. This is 
because of the increase in thermal motion of the water6,11. The attractive inter-segment 
interactions between the hydrophobic groups dominate and the micelles collapse and 
aggregate into globules. 
 
The LCST is defined by the segment-water interactions and the segment-segment 
interactions. Factors that increase the segment-segment attractive interactions decrease 
the LCST. Factors that increase the segment-water attractive interaction increase the 
LCST. There are also factors that can decrease the segment-water interaction. The 
LCST of a thermally responsive polymer can be affected by co-solvents12, salts9,13,14, 
the addition of substituent groups, molar mass4,9,15-17, and surfactants18. An example of 
the effect of salt on the LCST can be seen when NaCl decreases the LCST. 
Conversely, sodium dodecylsulfate increases it. The effectiveness of a salt to increase 
or decrease the LCST depend on two things; the charge to volume ratio (Hofmeister 
series)19 and the solubility of the salt in the solvent. The salt competes with the 
polymer chains for water molecules and causes them to dehydrate. This promotes 
segment-segment interactions2,13,20. 
 
Thermoresponsive copolymers may combine two or more macromonomers, with at 
least one of those macromonomers being thermoresponsive. This allows for tuning of 
the LCST and the incorporation of additional functionality. For example the addition 
of a charge or biodegradability. Copolymers also enable grafting to surfaces and 
particles. A copolymer can be formed as a random, graft, comb or block copolymer, 
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using specific polymerisation techniques. These techniques include ATRP (atom 
transfer radical polymerisation) and RAFT (reversible addition-fragmentation chain 
transfer). These methods give a high degree of control over the final product. FRP can 
also be used to form these copolymers as it is the most simple preparation method. 
FRP provides less control over the reaction and gives larger a polydispersity when 
compared to RAFT and ATRP6. 
 
2.3 Dispersion stability 
2.3.1 Surface charge 
When a substance is placed in a polar medium, it acquires a surface charge21. This 
surface charge attracts counter-ions in the media towards the surface and repels ions of 
like charge. This causes the formation of a double layer made up from a charged 
surface and neutralising counter-ions. 
 
The charge at the surface occurs in a number of ways. Firstly the surface could be 
ionised. This is seen clearly in proteins where the NH3+ and the COO- ions are easily 
ionised, giving strong pH dependent surface charge. At low pH a protein will be 
positively charged and at high pH it will be negatively charged. The pH at which no 
surface charge can be detected is known as the iso-electric point.  
 
Secondly a surface charge can be caused by ion adsorption where an uneven number 
of adsorbed counter-ions occur across the substance surface. In aqueous solution 
surfaces are more often negatively charged because cations are more hydrated than 
anions. Cations are more likely to reside in the bulk media, whereas larger, less 
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polarising anions are more likely to specifically adsorb to a surface. When there is a 
presence of surfactant the surface charge is more often a function of the absorption of 
the surfactant ions. 
 
2.3.2 The electrical double layer 
The electrical double layer (EDL) can be regarded as two regions (Figure 2.1). The 
inner region with adsorbed ions, and an outer diffuse region where ions are distributed 
in response to the electrical forces of the inner layer and random thermal motion. 
 
To simplify analysis of this EDL Gouy22 and Chapman proposed a model which 
assumes; (1) a flat, infinite, uniformly charged surface, (2) the diffused ions are point 
charges and are distributed according to Boltzmann distribution in the diffuse layer, 
(3) the solvent only influences the double layer by its dielectric constant, which 
remains constant though out the diffuse region, (4) a single symmetrical electrolyte of 
charge z is present. 
 
Their analysis gave a simple equation at low potentials; 
 
 ψ = ψ0 exp [-κx]  (2.1) 
 
Where ψ is the potential at distance x from the surface, ψ0 is the potential at the 
surface and κ is the reciprocal of the double layer thickness. By applying a Poisson-
Boltzmann distribution (a differential equation that explains electrostatic interactions 
in ionic solutions23);  
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σ0 = εκψ0  (2.2) 
 
Where σ0 is the surface charge density and ε the permittivity. This shows that the 
surface potential is dependant on the surface charge density and κ. 1/κ is the double 
layer thickness. If the double layer is compressed (meaning κ increases), then σ0 must 
increase or ψ0 must decrease or both, and vice versa. 
 
To explain the inner layer Stern24 proposed a model in which the double layer is 
divided in two with a plane, now called the Stern plane, located a hydrated ion’s 
distance from the surface (shown below in Figure 2.1). The centres of specifically 
adsorbed ions are located in the Stern layer, which is between the surface and the 
Stern plane. The thickness of the Stern plane is around 5Å. The dotted line furthest 
from the particle surface is the point where the ionic charge on the surface is matched 
and completely shielded by the ions in solution. This region fluctuates as ions of 
different charge move through solution. 
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Figure 2.1. The electrical double layer for a particle. The dotted line furthest from the 
surface denotes the point where the surface charge and counter ion charge are equal.21 
 
2.3.3 Zeta potential 
The value for ψd (double layer potential) cannot be determined directly but can be 
estimated from electrophoretic mobility measurement. The latter measures the 
potential of the shear plane shown in Figure 2.1. This potential is known as the ζ (zeta) 
potential. This shear plane cannot be accurately located as it will change continuously 
as ions shear off and new ones adsorb. It is a fair approximation that it will exist just 
past the Stern plane in the diffuse layer and that the zeta potential will be slightly 
smaller in magnitude than the Stern plane potential (the potential that would be 
measured at the stern plane). This point is shown in Figure 2.2. This assumption that 
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ψd ~ ζ is generally fairly accurate and errors generated small. The presence of an 
absorbed non-ionic polymer (e.g. PEO-PPO-PEO) would cause ζ to become smaller 
than ψd. 
 
 
Figure 2.2: Graph of potential against distance21. 
 
2.3.4 Electrophoretic mobility 
The von Smoluchowski equation is used to determine the electrophoretic mobility for 
diffuse particles in aqueous solution. 
 

    (2.3) 
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Where μ is the electrophoretic mobility, ε is the permittivity of the electrolyte media, ζ 
is the zeta potential and η is the viscosity of the media25. 
 
2.3.5 DLVO theory 
The Deryagin-Landau-Verwey-Overbeek (DLVO) theory estimates the energy due to 
overlap of double layers of two or more particles (generally repulsive) and the London 
– Van der Waals energy between the particles (usually attractive). This allows for a 
summation of total interaction energy in terms of particle distance. The double layer 
interaction VR for two particles with radii a1 and a2, where a1 = a2 = a and H (the 
particle separation), is expressed by the equation  
 
VR = 2πεaψd2 exp(-κH)  (2.4)  
 
when the double layer overlap is small. From this it is predicted that VR will increase 
exponentially as the separation H decreases. It also predicts that as κ increases (1/κ 
decreases) by increasing the concentration of electrolyte the magnitude of VR will 
decrease at a fixed H21. 
 
Attraction forces between two neutral molecules fall into three fields. (1) Dipole-
dipole interactions where a permanent dipole exists (i.e. water), (2) induced dipole 
interactions26 where a polar molecule induces a dipole in another non-polar molecule 
so that attraction results, and (3) London dispersion forces27 where two non-polar 
molecules attract, because fluctuations in the instantaneous location of electrons in one 
part of the molecule causes polarisation of the other electrons, and vice versa20. 
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 If we assume a small separation H between particles the attractive interaction can be 
expressed by21; 
 
H
AaVA 12
   (2.5) 
 
Where A is the effective Hamaker constant and a is the particle radii. This assumes 
that as the separation decreases the attractive force increases, and vice versa. The 
effective Hamaker constant takes into account the interaction between the particles 
and solution lowering the effective interaction between particles, when the particles 
approach each other in solution. 
 
To obtain the total interaction energy VT, VA and VR are added together (Figure 2.3). 
It is then often plotted as VT against H which allows for the height of the energy 
barrier to be determined. This barrier represents the energy required to be added to the 
system often in the form of thermal energy in order to cause the particles to aggregate. 
This barrier is dependant on the magnitude of the zeta potential and 1/κ.  
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Figure 2.3. DLVO model plot, showing VA, VR, and VT11.  
 
2.3.6 Steric stabilisation 
Steric stabilisation is used to explain a mechanism of stabilisation, involving adsorbed 
polymers28. Firstly there could be adsorbed material at the surface which could hinder 
aggregation25. This material would need to be desorbed requiring energy input. In the 
case of polymeric materials the time taken for desorption is large, compared to the 
particle – particle interaction time and so particle aggregation is hindered. 
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Secondly when the particles collide they may compress rather than aggregate, this 
denting would reduce the conformations of the adsorbed polymer chains and increase 
stability of the dispersion further. Thirdly the polymer chains on the surface of the 
particles may interpenetrate as the particles come together giving a locally high 
concentration, causing the particles to be pushed apart by osmotic pressure11. 
 
The total interaction energy for a sterically stabilised system including the double 
layer interactions, is given by VT = VA + VR + VS, where VS is the steric stabilisation 
interaction energy21,29. This is shown in Figure 2.4. If the absorbed polymer has an 
LCST the steric repulsion energy decreases at temperature above the LCST and the 
particles can aggregate. Increasing aggregation occurs as the temperature increases, 
due to the increase in kinetic energy in the particles according to Brownian motion. 
This allows in some cases for them to overcome the repulsive forces between each 
other and collide with enough energy to aggregate. With a polymer coating that has an 
LCST the effect of temperature is increased, as the particles require less energy to 
aggregate. In this project this LCST effect coupled with steric stability at temperatures 
below the LCST will allow for an injectable low viscosity dispersion that will form a 
thermally triggered gel due to the natural temperature of the body. 
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Figure 2.4. Schematic interaction energy diagram for sterically stabilised particles 
showing; a) the absence of an electric double layer and b) with electrostatic 
repulsion21. 
 
2.4 Tissue engineering 
Tissue engineering is the name give to the interdisciplinary field which apply the 
understanding of the fields of engineering and life sciences, to understand and develop 
biological substitutes for the purposes of restoration, maintenance and the 
improvement of human tissue function30. 
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Tissue engineering aims to produce substitutes which are not artificial in material and 
will in time become part of the functioning tissue of the organ being replaced. This 
can only be achieved by using living tissue. The engineering part is in the design of 
scaffolds or matrixes that support the growing tissue and supply the required nutrients 
required for tissue growth31. 
 
There are three sources of tissue, each with advantages and disadvantages32,33. The 
first source is autologous tissue which comes from the patient. They are 
immunologically accepted in the patient as they are native, but there is a limited 
supply. They also need to be removed from the patient’s body to be transplanted, 
which can lead to donor site morbidity. The second source is allogenic tissue. These 
are human cells donated by a third party, they are readily available but are not always 
immunologically accepted. This method requires the patient to take drugs to decrease 
immune response increasing chance of infection. The third source is xenogenic tissue. 
This is animal tissue, often from a pig. They can be engineered to be immunologically 
accepted, but the use of these tissues carries the risk of transmission of animal viral 
infections34. 
 
The preferable option is autologous tissue. They need to be cultured to increase cell 
numbers. However cell culture takes time to bring the numbers to the required levels, 
which is a major limitation. 
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Currently the objective of tissue engineering is to grow tissues such as skin, muscle, 
liver, pancreas, cartilage and bone, either from specific cells or stem cells which can 
differentiate into almost any other cell via a precise stimulus. The use of stem cells 
allows for more than one type of cell to be formed since most organs are made up of 
an array of different cell types35,36. Alternatively specific cells can be printed into a 
scaffold. This gives equally good control over scaffold structure, but in either case the 
cells can migrate out of the area designated to them. 
 
The artificial growth of functioning tissue requires a number of conditions to be met. 
Firstly there must be the correct cells for the tissue being produced. Secondly there 
must be a structure through which the cells can grow and proliferate. Thirdly there 
must be mechanical stresses similar to what the tissue will experience inside the body. 
These mechanical stresses stimulate the extra cellular matrix of the cells to produce 
proteins which help growth, attachment and proliferation and in some case cause 
differentiation of the cells across the tissue37,38. 
 
2.4.1 Tissue scaffolds 
Tissue scaffolds must perform five key tasks39. They must be; (a) biocompatible and 
non-toxic, (b) highly porous with connected, correctly sized porosity for the cells 
being implanted, (c) be mechanically similar to the tissue in strength, (d) support cell 
attachment, cell growth, spreading, migration and differentiation and (e) have a 
degradation rate similar to or linked to cell growth40. 
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Biocompatibility is important for any item being placed in the body, and is especially 
important for a scaffold. If the material is toxic or produces toxic by-products either by 
breakdown or by causing an apoptotic cell response, nearby cells may die, new cell 
growth will be stopped and the body will react against it by causing an immune 
response. This will lead to swelling, redness and pain. Eventually the foreign object 
will either be pushed out of the body, encapsulated or if the damage is great, death will 
occur. 
 
Structure is important for effective tissue scaffold functionality. If the cells grow to fill 
a specific area then there will be less scar tissue and better blood and nutrient flow 
though the area. With a well defined structure and porosity cell attachment and growth 
are enhanced. The scaffold has to allow for growth media (in vitro) and blood (in 
vivo) to reach all the cells and for waste products to be carried away. It also has to 
have similar mechanical properties. Hardness and strength must be similar to the 
surrounding tissue and to the tissue being grown. Else attachment and spreading will 
not occur. 
 
Breakdown of the scaffold helps the cells grow to fill an area completely. This 
breakdown must be controlled. If the scaffold breaks down too quickly the cells will 
not have had enough time to form a structured network and will break down and be 
absorbed in to the body. The fast breakdown may also flood the area with a by-product 
that is toxic at high levels. If the breakdown is too slow the cells will have filled the 
available space and recovery time will be extended, as propagation of the cells will 
halt until sufficient space becomes available.  
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2.4.2 Polymer tissue scaffolds 
The most widely used scaffold materials are polymers. They are used for soft tissue 
growth and repair, and can be designed to interact with the cells. An example of this is 
attaching Arginine-Glycine-Aspartic Acid (RGD), shown in Figure 2.5, to the chains 
of polyethylene glycol (PEG)41 to promote cell attachment. Other polymers used 
include polyglycolic acid (PGA) and polylactic acid (PLA) due to their non-toxic 
degradation products. However their hydrophobic nature provides poor cell 
attachment.  
 
 
Figure 2.5. Chemical structure of Arginine-Glycine-Aspartic Acid. 
 
More often natural materials are used such as proteins like collagen, polysaccharides 
such as alginate gel, chitosan42,43 and hyaluronic acid44. Collagen is used in fibrous 
scaffolds for soft tissue repair, it can also be denatured into gelatin45 and formed into a 
porous scaffold. Other natural polymer materials include silk, which is very slow to 
degrade. It can be spun into a mesh and used for soft tissue repair40. Hydrogels are 
hydrophilic cross linked polymers that swell and soften when water is added. They are 
formed by chemical reaction or by stereolithography from macromonomers as most 
photopolymerisable small monomers are toxic46. 
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Scaffolds can be formed by a number of different methods. The polymer scaffold can 
be either non-woven fibres such as PGA40 (Figure 2.6), which has a low mechanical 
strength, or woven fibres where there is more defined inter-woven character which 
gives a high structural strength40. Fibres give poor control of porosity and most 
degrade quickly. Particulate-leaching,31 where small particles of salt are introduced 
into the polymer through mixing and solidification and the salt is leached out is 
another method for forming porous gels. This leaves porosity of the same size as the 
salt crystals. The problem with this method is that pore shape and inter-porosity is not 
controllable. Another method for forming a porous gel is phase separation. By 
lowering the temperature solvent crystallisation can be induced, solidifying a polymer. 
The solvent crystals are then removed by sublimation or solvent exchange leaving 
porosity. By controlling the phase separation conditions the size and structure of the 
pores can be controlled. More advanced methods such as ink-jet printing can also be 
used. This allows for layers of polymer to be placed precisely. Pores of defined 
dimensions can be created evenly across the material, which means that the porosity is 
finely controllable. The smallest size of pore is set by the minimum print dot of the 
print head and at such small size the viscosity of the polymer is important as flow of 
the placed material can cause the pores to close up35,47-49. Self assembling polymers 
may also be used. When these are placed in body they form a structure by (a) 
autonomous attachments, (b) UV or initiator based polymerisation50 or (c) Thermally 
triggered aggregation, such as poly(N-isopropylacrylamide) and pluronics51. 
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Figure 2.6. Non-woven PGA scaffold, scale bar 100µm52. 
 
2.5 Materials  
2.5.1 Pluronic: a review 
Pluronic is the BASF trade name for a group of polyethylene oxide - polypropylene 
oxide - polyethylene oxide (PEO-PPO-PEO) block copolymers. They are also known 
as by the non-trade marked name poloxamer, and polyethylene glycol – polypropylene 
glycol (PEG-PPG) in biological fields. The Pluronics are assigned letters 
corresponding to whether they are liquid (L), Paste (P) or Solid/Firm (F). They are 
also assigned a number string53. The last number multiplied by ten denotes the relative 
proportion of the ethylene oxide units in per cent. The rest of the number before it 
denotes the average relative molecule mass of the polypropylene glycol block in kDa. 
For example Pluronic F127NF also known as poloxamer 407 is a powder and has a 
relative molecular mass of 9840 to 14600 Da, which has a mean of around 12 kDa, is 
a solid and is 70% ethylene oxide. Pluronic L62 and P85, are liquid, 20% ethylene 
oxide and approx 6000 Da, and paste, 50% ethylene oxide and approx 8000 Da 
respectively54. 
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Pluronics are often used as surfactants and antifoaming agents in the food industry.  
They have also been used for burn wound coverings55 and drug and protein delivery 
systems56. The Pluronic dissolves in aqueous solution at low temperature, this is 
because the ethylene oxide chains are extended and shield the propylene oxide. As the 
temperature increases the chains collapse exposing the propylene oxide and the 
Pluronic precipitates out and forms micelles. This causes turbidity which is known as 
the cloud point3,57,58. At high concentration this effect can be used to form a solid gel 
at the gelation temperature. 
 
2.5.2 Poly(PEGMA-co-PPGMA) 
The poly(PEGMA-co-PPGMA) copolymers are similar to other thermoresponsive 
polymers in that the undergo a major conformation change at an LCST. In studies 
performed by Wang et al59, where the comb copolymer was synthesised from 
PEGMA475 and PPGMA430 (the number denotes Mn in gmol-1) using FRP or ATRP. 
The copolymers tested showed good gelling properties when added to a dispersion of 
PLGA micro-particles and tested at 60% total solids content by weight, with a ratio of 
2:1 copolymer to PLGA (i.e. 20 wt.%. PLGA / 40 wt.%. copolymer). By altering the 
ratios of the two macromonomers and the initiator a range of xEO and molar masses 
was achieved, and Tgel values of 35-36 °C were reported. The resulting particulate gels 
were then successfully used to culture C2C12 myoblasts, showing viable cells within 
the gel structure. The copolymers tested required concentrations of 40 wt.%. for gels 
to form, this is high for an implantable cell supporting material. 
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2.5.3 Poly(DMA+-PNIPAm) and MIx-PNIPAm 
Poly(DMA+-PNIPAm) contains a charged DMA backbone with PNIPAm side chains. 
In the naming scheme MIx-PNIPAm the MIx is the identifier used to denote the ratio 
of CuBr to PMDETA used to initiate the reaction. For example MI3 denotes 3 times 
more CuBr than PMDETA. PNIPAm is known to show thermally triggered clouding 
and gelation60,61, with an LCST of 32 °C8. In studies performed by Dr R. Liu16 the 
cloud point of MIx-PNIPAm copolymers were seen to be 33.3 - 33.6 °C, a 
temperature close to that of the body. In rheological studies performed by Dr Liu7 the 
copolymer formed a strong gel at low concentrations (~ 7 wt.%. at 35 °C). 
Unfortunately the acrylamide needed for synthesis of NIPAm is toxic62, and the 
controls to ensure complete removal are not achievable in large scale production. This 
means that the MIx-PNIPAm copolymer would not be accepted by the FDA for use 
within the body. It will allow for a similarly designed copolymer, using approvable 
macromonomers, to be made in future. 
 
2.5.4 PLGA; structure, properties, usage. 
PLGA is a copolymer of polylactic and polyglycolic acid. The proportions of each 
affect the properties of the material. A larger proportion of polylactic acid increases 
the glass transition temperature, melting point and decreases the rate of hydrolysis. 
Hydrolysis is the break down of a large molecule into smaller ones by reaction with 
water29,63. In the case of PLGA it will break down to lactic acid, glycolic acid, acidic 
oligomers, and hydrogen ions64,65. This is shown schematically in figure 2.7. The 
increase in acidity caused by this hydrolysis helps to cause further hydrolysis via 
autoacceleration. The poly-lactic acid segment is less prone to hydrolysis and 
stabilises the entire molecule66.  
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Figure 2.7. The chemical structure of poly(D,L-lactide-co-glycolide) and its 
degradation products66. 
 
PLGA is useful as a biomaterial because its components are not bioactive, causing 
swelling or rejection. As a scaffold the hydrolysis that occurs over time is controllable 
and allows cells to grow to fill the space and avoid the formation of voids. PLGA is 
already approved for use in the body by the FDA41. 
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2.5.4.1 PLGA nanoparticles 
PLGA nanoparticles have been used alone and in conjunction with other polymers 
proteins and enzymes for use as fillers in the chemical, automotive, mechanical, food 
and drug industries21, and as drug, protein66,67 and tDNA (transfer DNA) depots68 and 
scaffolds in the medical field67,69. The nanoparticles used in this study were produced 
using interfacial deposition. This is where the polymer is miscible in a solvent, that is 
itself miscible in water, but the polymer is not. The addition of this solubilised 
polymer into the water cause the solvent that contains it to mix with the water and the 
polymer to precipitate into nanoparticles. 
 
Nanoparticles were used in this work because of their high surface to volume ratio 
which allows more polymer chains to attach to the surface, the smaller size also allows 
for a tighter packing arrangement to be formed. 
 
2.5.5 Particle gels 
Particle gels are gels formed from particle by Brownian dynamics70,71. An example of 
a particle gel would be yoghurt72. The structure of a particle gel is fairly coarse 
compared to a fibrillar gel and the interactions within a reversible gel tend to be fewer, 
with a shorter linear elastic region, lending to them being more brittle73. Rheologically 
it is seen that particle gels show strain hardening at low strain rates74. The porosity of 
these gels is dependant on the particle size distribution and maximum particle size, 
with small particles filling space between the large particles. This decreases porosity 
but increases the gels strength28. Another method to increase the strength of particle 
gels is through swelling the particles75 this increases the steric hindrance between the 
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particles, this increases the energy required for the particles to move over each other. 
A particle gel can be formed from particles of any material suspended in solution, 
including polymers. 
 
2.6 Techniques 
2.6.1 The n-value 
The n-value is an exponent of the wavelength and is used to determine aggregation of 
particles in dispersion76. The following equations apply, 
 
n
Const
c 
     (2.6)  
 
L
OD 303.2   (2.7)  
 
Where OD is the optical density and L is the path length, τ is the turbidity and c is the 
particle concentration. Equations 2.6 and 2.7 are combined and then rearranged for 
OD; 
 
n
cLConstOD 
1
303.2
   (2.8) 
 
If, 
303.2
cLConstK    (2.9) 
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K is a constant for measurements of the same system and equation 2.9 can therefore be 
written as;  
 
n
KOD     (2.10) 
The logarithm of this can be taken and arranged according to 
 
K log log (-n)  ODlog   (2.11) 
 
This can be plotted as a graph of log OD against log λ. We then get a gradient of –n 
and an intercept of log K. 
 
In the case of Rayleigh scattering the n-value for a particle with a diameter less than a 
tenth the size of the wavelength of the OD will be equal to 4, As the particle size 
approaches the wavelength the n-value falls to zero77. The n-value is very sensitive to 
aggregation and shows a steep drop when coagulation occurs. 
 
2.6.2 PCS 
Photon correlation spectroscopy uses the scattering of a laser beam (Rayleigh 
scattering) to determine the size of particles in a dispersion of known viscosity and 
temperature78. The particles being measured must be small compared to the laser 
wavelength. PCS uses time dependant interference between the scattering of two or 
more particles. This interference is determined by Brownian motion. The diffusion 
constant, D, of a spherical particle with a radius r can be given by the Stokes-Einstein 
relation; 
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r
TkD B6   (2.12)
79 
 
Where η is the viscosity of the liquid, kB is Boltzmann’s constant (the gas constant 
divided by Avogadro’s constant) and T is the temperature. Using the intensity 
autocorrelation function of a monodisperse solution; 
 
2
1
Dq
q    (2.13)80 
 
Where q is the scattering vector; 
)2/sin(4
0

 nq    (2.14) 
 
Where λ0 is the wavelength of the incident light in a vacuum and n is the refractive 
index of the liquid. By combining equations 2.12, 2.13 and 2.14, we get; 
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From this the radius of the particles can be obtained, as long as the viscosity, refractive 
index and temperature of the solution are known. 
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Small particles will only cause interference for a short time as they will move more 
quickly. Large particle move more slowly and will cause a longer interference81. PCS 
can only measure particles under 1 μm in size (limited by maximum wavelength of the 
laser) and is sensitive to impurities and external light sources of the same frequency as 
the laser. 
 
2.6.3 UV-visible spectroscopy 
UV-Visible spectroscopy also known as absorption spectroscopy uses wide frequency 
lamps and adjusts the specific wavelength of the incident light using filters. It can 
measure from the near-infrared to the UV region of the electromagnetic spectrum 
(900-200nm). This allows for the measurement of turbidity at specific wavelengths to 
be measured based on the percentage of incident light that is transmitted through a 
known distance of a solution/dispersion in a transparent cell known as a cuvette, to a 
detector. The value measured is the optical density of the solution/dispersion which is 
2.303 times less than the turbidity11,21 (due to the difference between natural and base 
10 logarithm). When light hits a sample it can be absorbed, transmitted or scattered. In 
this project the absorption is not studied. The UV-Visible spectrometer is used to 
study the scattering of the incident light. 
 
2.6.4 GPC 
Gel permeation chromatography allows for the determination of molar mass of a 
polymer chain. This is done by use of a column containing porous gel beads10. The 
polymer is eluted using a solvent (often THF, tetrahydrofuran) and flushed through the 
column at a specified rate. Small polymer chains can enter the porous beads which 
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increases their retention time. Conversely large chains spend little time in the porous 
beads and are not retained as long82. By analysing the retention time of the polymer an 
average molar mass can be calculated, as can a polydispersity83. GPC can only analyse 
polymers of a certain length range determined by the size of the pores in the bead and 
the size of the bead itself. A very small chain may be retained permanently where as a 
very large chain will not be retained for long enough to be measured10,11. In this work 
the GPC was calibrated using linear polymer standards for a “comb” copolymer of the 
same hydrodynamic diameter. 
 
2.6.5 NMR 
When an electromagnetic (EM) pulse is applied to magnetic nuclei in a magnetic field 
these nuclei can display nuclear magnetic resonance. When this occurs the nuclei 
absorb energy from the EM pulse and radiate energy back10. A magnetic nuclei is a 
stable nuclei with an odd number of protons and/or neutron which imply a magnetic 
moment, meaning that their spin is nonzero10. The most commonly used nuclei are11 
1H, 3H and 13C. 
 
The application of a magnetic field aligns the nuclear spins of the nuclei, this is then 
perturbed by the application of an EM pulse. The frequency of pulse is dependant 
upon the magnetic field strength.84 These two fields are usually set perpendicular to 
each other as this maximises the signal strength of the returned energy. 
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In terms of polymer chemistry 1H NMR can be used to determine the proportions of 
the groups that the nuclei are attached to. Different chemical groups will affect the 
energy radiated by the nuclei, as will the size of those groups. This is due to chemical 
shift (Zeeman effect), which splits spectral lines in the presence of a magnetic field85 
and spin-spin coupling, where the spin frequency is affected by the magnetic fields 
transferred from nearby nuclei84. 
 
2.6.6 DSC 
Differential scanning calorimetry measures the difference in the amount of heat 
required to increase the temperature of a sample. When the material being tested 
undergoes a phase transition more or less heat flows compared to a reference for both 
phases to maintain the same temperature. The change in gradient detected can be used 
to identify the temperatures at which these phase transitions occur. An example of this 
would be melting, an endothermic transition, which requires more heat flow than the 
reference. This is seen as a dip on the trace, which returns to the reference line once 
the transition has occurred. This is depicted in Figure 2.8. 
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Figure 2.8. An example DSC trace of polystyrene, showing the transitions that can be 
measured.86 
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2.6.7 Electrophoretic mobility 
Electrophoretic mobility is measured by applying a current through a dilute dispersion 
of particles with a small electrolyte concentration (0.001M) and measuring the speed 
and direction which the particles move using a laser doppler anemometer, which 
measures the change in frequency of the light due to movement. The small 
concentration of electrolyte helps the solution to carry a charge to the particle without 
affecting the particle stability significantly. It also allows for the result to be 
comparable, as solutions without added electrolyte may vary with respect to naturally 
present electrolyte concentration. A highly negatively charged particle (anion) will 
move towards the positively charged electrode (anode) at a high velocity compared to 
an anion of lesser charge. Conversely a positively charged particle (cation) will move 
towards the negative cathode. A particle of zero charge will not move with respect to 
the current25. The instrument used the von Smoluchowski equation to convert 
electrophoretic mobility into a zeta potential. The equation is shown and explained 
earlier in this chapter. 
 
2.6.8 SEM 
A scanning electron microscope uses an electron beam instead of visible light as an 
electron is much smaller than the wavelength of near-violet light. This allows images 
of structures less than 1 nm in principle87. The narrow beam also gives a high depth of 
field allowing for imaging of particles and other surfaces that do not lay flat. An 
electron gun fires a beam of electrons through a set of focusing coils, known as 
condensing lens which align the stream, and a set of deflection coils which scan the 
beam back and forth over the surface in a square25. An electron microscope can have a 
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magnification of 10 times up to 500,000 times88. In order to image non-conductive 
materials a conductive coating has to be applied to the surface by sputter coating. This 
prevents the build up of static charge on the specimen. The most common coatings are 
graphite or gold89. 
 
2.6.9 Dynamic and static rheology 
Dynamic rheology is used to determine the deformation properties of solids and gels, 
the head oscillates back and forth around its rotational axis according to a fixed strain 
or fixed stress. With a fixed strain the head will only move a fixed distance in each 
direction, with a fixed stress it will continue to move until the stress is reached. The 
instrument measures the storage and loss modulus which give insight into the strength 
of the gel formed. It also measures the value tan δ which shows whether the sample 
being tested is a gel when its value is less than 1. 
 
Static rheology is used to measure the viscosity of a liquid. The head spins 
continuously in one direction at either a fixed rate or a fixed strain. At a fixed rate the 
instrument will apply torque to maintain a constant speed. At a fixed strain the head 
will apply a fixed amount of torque. The instrument measures the viscosity, the shear 
rate and strain on the liquid and gives insight into whether the liquid is shear thinning, 
Newtonian or shear thickening. 
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Aims of Work 
 
(1) To investigate the ability of Pluronics to give a thermoresponsive PLGA dispersion 
that could be used as an injectable cell delivery system. 
(2) To investigate the polymerisation and ability of poly(PEGMA-co-PPGMA) 
copolymer to give a thermoresponsive PLGA dispersion that could be used as an 
injectable cell delivery systems. 
(3) To investigate the ability of poly(NIPAm-co-DMA+) to give a thermoresponsive 
PLGA dispersion that could be used as an injectable cell delivery system. 
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3 Thermally-triggered Aggregation of Mixed PLGA 
Nanoparticle Pluronic Dispersions 
 
Abstract 
This chapter involved a study of thermally-triggered aggregation of mixed 
PLGA/Pluronic dispersions. Pluronics are amphiphilic PEO-PPO-PEO tri-block 
copolymers where PEO and PPO are poly(ethylene oxide) and poly(propylene oxide) 
respectively, PEO is hydrophilic and PPO is hydrophobic. This system combines the 
thermally-triggered micellation of Pluronic materials and the biodegradable properties 
of PLGA in the form of coated nanoparticles to produce an injectable, biocompatible 
dispersion, which is shown to aggregate at body temperature. A dispersion that exhibits 
triggered aggregation may show decreased migration of the particles in-vivo and is a 
candidate for drug delivery and release system. At low temperatures the PEO units are 
hydrophilic and the Pluronic exists as solvated polymer coils. However when heated the 
PEO chains become less hydrophilic the chains collapse into micelles. As the 
temperature increases further the micelles aggregate into globules which increases the 
turbidity of the solution. The PLGA copolymer in this work contained 75% lactic acid 
25% glycolic acid. The PLGA nanoparticles were characterized using a number of 
techniques, which include SEM, zeta potential measurements and photon correlation 
spectroscopy. The Pluronic coated PLGA nanoparticles were found to have a 
hydrodynamic diameter range of 137 to 338 nm, with bare nanoparticles having a 
hydrodynamic diameter of 94 nm. It was determined that increasing the concentration 
of PLGA during production of the nanoparticles increased the particle size. Zeta 
potential data shows that there was significant electrostatic stabilisation present for the 
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dispersions. It was also shown through zeta potential measurements that the addition of 
Pluronic copolymer enabled the dispersions to become thermally responsive, and 
allowed for thermally-triggered aggregation to occur due to the loss of steric 
stabilisation at temperatures that coincide with the LCST values deduced by the cloud 
point. Triggered aggregation of Pluronic coated particle dispersions was controlled by 
selecting the composition and concentration of the Pluronic used in order to set the 
cloud point temperature. The latter is a measure of the LCST. Unfortunately these 
thermally-responsive dispersions did not exhibit thermally-triggered gelation. This 
could possibly be attributed to the PPO units being too well protected by the PEO 
which prevents strong interactions between chains under the conditions used in this 
study. 
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3.1 Introduction 
In this work the mechanism of formation, properties and thermally-triggered 
aggregation of poly(D,L-lactide-co-glycolide) (PLGA) dispersions containing Pluronic 
L62 (EO6PO30EO6), P85 (EO26-PO40-EO26) or F127NF (EO101PO56EO101) are 
investigated. EO and PO are ethylene oxide and propylene oxide, respectively. 
Thermally-responsive copolymers based on poly(NIPAM) (N-isopropylacrylamide) 
have been well studied.90-94 However, NIPAM has shown evidence of neurotoxicity in 
mice.95 This would limit the potential application of poly(NIPAM) in vivo. Pluronics 
are better accepted and some compositions show thermally-responsive behaviour at 
temperatures close to that of the body.96 PLGA dispersions containing nanometer or 
micrometer-sized particles (microspheres) have received considerable attention.97-100 
The latter are used most often for controlled release.101 A PLGA dispersion that is fully 
biocompatible and exhibits triggered aggregation under physiological conditions could 
offer significant potential for biomedical applications in the context of an injectable 
vehicle for controlled release of therapeutic agents.  
 
PLGA microsphere dispersions are usually prepared using the solvent-evaporation 
technique.99 To produce smaller particles a different technique is required. PLGA 
dispersions with nanometer-sized particles were first prepared by Fessi et al98 using the 
interfacial deposition method, which is also known as nano-precipitation. It involves, in 
the case of this study, the addition of a PLGA / acetone solution to an aqueous phase 
that may, or may not, contain a stabilizing polymer such as a Pluronic or PVA 
(poly(vinyl alcohol)).102 This stabilizer is not necessary if the particles have a 
significant zeta potential, which allows them to stabilise themselves. The distinguishing 
feature of the interfacial deposition method is that the solvent (acetone) that contains 
 49
the polymer (PLGA) is miscible with water, whereas the dissolved polymer is not 
water-soluble. Diffusion of the solvent into the water phase results in rapid particle 
formation. Interfacial turbulence, driven by the concentration gradient of the solvent, is 
believed to occur as the solvent rapidly diffuses into the water phase. As the solvent 
diffuses in to the aqueous phase it takes dissolved polymer along with it. This results in 
deposition of the polymer at the acetone/water interface and the formation of 
nanoparticles. The mechanism during the short period of time where the PLGA goes 
from solvated coils to a dispersion of nanoparticles is not yet understood. Previous 
literature did not show any models that enable prediction of particle size from 
formulation parameters such as PLGA concentration. This deficiency is addressed in 
this study and this information is used in an effort to improve the understanding of 
particle formation.  
 
Interfacial deposition occurs when there are two miscible solvents, but the polymer is 
only miscible in one of them97,98. When a single droplet of the solvent containing the 
polymer (solvent A) enters a large volume of the other solvent (B), A begins to diffuse 
into B as it is miscible, and B fills this space due to osmotic pressure. The polymer (P) 
is immiscible in B and begins to precipitate, as it does the single large droplet of A+P 
begins to break into smaller droplets. This repeats until all of A has diffused into B, and 
P is left as a nanoparticle dispersion in B, with particle size several hundreds of times 
smaller than the initial droplet size. This is shown schematically in Figure 3.1. This 
process occurs almost instantaneously leaving very little time for aggregates to form 
whilst the concentration of A in B and P in B is low98. As the concentration of A 
increases; there is less osmotic pressure driving the precipitation and due to the higher 
concentration in solution the particles remain partially solvated and soft which allows 
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them to coalesce. As the concentration of P increases there are more particles in 
dispersion and more chance of particles colliding with enough energy to aggregate. 
This can cause large aggregates to form. 
 
 
Figure 3.1. Diagram showing the stages of interfacial deposition. Showing; a) the 
solvent A with dissolved polymer P, b) the droplets of A+P, and c) the rapid break 
down of the droplets in to secondary droplets and the formation of nanoparticles as the 
solvent A mixes with B. 
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As the temperature increases and reaches the CMT (critical micellation temperature) 
the Pluronic forms micelles containing an average ratio of 0.85 PPO within its core5, in 
the case of P85 the core contains 25% of the total PEO in the copolymer. As the 
temperature increases further the solubility of both PEO and PPO decreases and the 
chains collapse, the micelles aggregate and size of the micelles increase. This causes an 
increase in turbidity which is the cloud point (Tclpt)2,3,13, this value is usually equivalent 
to the lower critical solution temperature (LCST). This is the temperature below which 
the polymer and solvent are completely miscible and exists in polymer/solvent systems 
where highly favourable hydrogen bonding occurs, which are subsequently broken by 
temperature10. The understanding of adsorption and conformation of Pluronics at 
surfaces is well understood.103-105 Pluronics form thermally-triggered micelles and 
aggregate in solution. This behaviour is dependent on the polymer composition and 
concentration.2,5 The CMC for Pluronics with structures similar to Pluronic L62 has 
been reported96 as 3 wt.%. at 30 °C. The CMC decreases dramatically as the 
temperature increases. This is due to thermally-triggered dehydration of the PEO 
groups which results in the association of the copolymer monomers into micelles these 
micelles aggregate and scatter light.96 Pluronics such as F127NF can form gels106 at 
elevated temperature when the polymer concentration is more than ca. 20 wt %. This is 
because the solubility of the PEO chains decreases with temperature increase. The 
chains at the interface between the micelle and the solvent are in an energetically 
unfavourable position. To decrease their free energy they move closer to the surface 
chains on other micelles. In this way they can help dehydrate each other. This is driven 
by osmotic pressure created by the chains nearby, allowing for a space filling gel to 
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form2,5,105. At lower concentrations the number of interactions between micelles is not 
enough to allow for a gel to form. 
 
There has been little published work to date on PLGA dispersions containing Pluronics. 
Song et al.64 investigated PLGA dispersions containing Pluronic F68 (EO75PO30EO75) 
and showed that the solvent used during preparation affected the particle size. They 
also showed that stirring speed also affected particle size when using an emulsification-
diffusion technique. A similar system was also investigated by Santander-Ortega et 
al107 where they coated PLGA nanoparticles, made through an emulsion-solvent 
technique, with Pluronic F68 to determine the effect of concentration of F68 on the 
absorption isotherm, and the effect of layer thickness on dispersion stability. Wang et 
al. are among the few groups to report work involving thermally responsive injectable 
microparticle dispersions.108 They studied PLGA microspheres dispersed in 
concentrated F127 solutions in the context of drug release and reported that the 
Pluronic gel phase prevented burst release of the drugs from the microspheres. In the 
present work much lower Pluronic concentrations (less than 1 wt.%.) and nanometer-
sized PLGA particles are used. 
 
3.2 Aims 
The aims of this study are to improve the understanding of the PLGA particle formation 
mechanism prepared by interfacial deposition and investigate conditions that could be 
used to give thermally-triggered aggregation of PLGA/Pluronic dispersions under 
physiological conditions. 
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3.3 Experimental 
3.3.1 Materials 
The PLGA used here was a gift of Astra Zeneca and was used as supplied. It consisted 
of a mol ratio of 75:25 lactide to glycolide units. GPC analysis showed a Mn = 3140 g 
mol-1 and a polydispersity of 3.0. The Pluronics were gifted by BASF and used as 
supplied. Their composition and properties (from supplier information) are shown in 
Table 3.1. The PVA was purchased from Aldrich (98% hydrolyzed) and had a molar 
mass range of 13-23 kg mol-1. The water used was of Milli-Q standard. 
 
Table 3.1. Composition and Properties of Pluronic Copolymers 
Pluronic Composition MTotala(g/mol) MPEO (g/mol) MPPO (g/mol) xEOb Tclpt (°C)
L62 EO6PO30EO6 2270 530 1740 0.290 36.0c 
P85 EO26PO40EO26 4608 2288 2320 0.565 82.0c 
F127NF EO101PO56EO101 12140 8890 3250 0.780 100d 
 
a Total molar mass of copolymer. b Mole fraction of EO groups present based on 
Pluronic composition. c Measured in water at a copolymer concentration of 0.125 wt %. 
d From literature2. 
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3.3.2 Dispersion preparation 
3.3.2.1 Bare PLGA particles 
The PLGA nanoparticles were prepared according to the nanoprecipitation method first 
used by Fessi et al.98 and described by Dunn el al69. PLGA was dissolved in acetone, 
and then added dropwise into either distilled water, or an aqueous solution made using 
one or a mixture of the Pluronics. An example preparation is described below for 
Pluronic coated dispersions. By substituting the 1 wt.%. Pluronic with deionised water 
an uncoated dispersion is achievable. The resulting aqueous dispersion was then placed 
in a rotary evaporator under vacuum and the acetone removed from solution at room 
temperature. In some cases PBS (pH 7.4, 0.15M) solution was used instead of deionised 
water, as it simulates physiological pH and ionic strength conditions. 
 
3.3.2.2 Pluronic coated PLGA particles 
A typical preparation is depicted in Figure 3.2 and produced a dispersion containing 
1.56 wt.%. PLGA and 1 wt.%. Pluronic L62. This was done by dissolving 0.156 g of 
PLGA in 5 cm3 of acetone and dissolving 0.1 g of Pluronic L62 in 10 cm3 of deionised 
H2O. Both solutions were cooled in an ice bath for 30 mins. The PLGA solution was 
then added dropwise to the aqueous Pluronic solution whilst stirring at a moderate rate. 
The acetone was then removed using the rotary evaporator at room temperature. The 
resulting dispersion was then filtered using 1μm filter paper to remove any aggregates. 
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Figure 3.2. Diagram showing the preparation of PLGA nanoparticles in either; (1) 
deionised water, or (2) aqueous Pluronic solution. 
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3.3.3 Physical methods 
1 ml of each of the 1 wt.%. Pluronic solutions were heated in a thermostat controlled 
water bath to determine their cloud points by the onset of turbidity. They were then 
heated above their cloud points to determine whether a second cloud point was 
present2,3,13,109. The n-value, which is equal to –dlog(τ)/dlog(λ), where τ is the turbidity 
of the solution and λ is the wavelength of the incident light, is very sensitive to changes 
in turbidity and is used to determine the onset of clouding76. The critical flocculation 
temperature (CFT) was measured by the change in –dlog(τ)/dlog(λ) for the PLGA 
dispersions. This was done with a Hitachi U-1800 UV-Visible spectrometer over a 
wavelength range of 300 – 900 nm, a thermocouple and thermostatic control. The 
particle size analysis was conducted using a BI-900 Brookhaven light scattering 
apparatus, fitted with a 20mW HeNe laser, with the detector set at 90° to the incident 
light. SEM images were obtained using a Philips FEGSEM instrument. PLGA 
dispersions produced at 1.56 wt.%. according to the Dunn method69 were diluted to 10-4 
wt.%. and deposited on to a polished conductive stub and gold sputter coated. A 
Malvern Nano ZS zetasizer was used to determine electrophoretic mobility using the 
von Smoluchowchi equation.25 In some cases a NaOH / potassium hydrogen phthalate 
buffer was used as the dispersion medium. GPC for the PLGA was obtained by 
Smithers RAPRA (Shropshire, UK) using a PLgel guard plus 2x mixed bead-B column 
and chloroform to solvate the PLGA. The yield was determined by gravimetric 
analysis. A known mass of dispersion was dried at 70 °C for 12 hours in a drying oven, 
and then reweighed to determine the total solids content. 
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3.4 Results and discussion 
3.4.1 Characterisation of Pluronic solutions 
Tclpt was compared against xEO for L62, P85, F127NF and mixtures of the L62 and P85 
copolymers. This can be seen in Figure 3.3. It can be seen that Tclpt is approximately 
linear with xEO. The Tclpt for P85 is greater than the value for L62 because xEO is much 
higher in P85. The ethylene oxide surrounds and shields the hydrophobic propylene 
oxide and with a higher proportion of ethylene oxide in the P85 it requires a higher 
temperature to cause the PEO chains to unravel enough to expose the propylene oxide 
to the water and drive micellation of the polymer. The Tclpt(F127NF) is greater still as it 
contains a higher xEO than the P85. 
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Figure 3.3. A comparison of Tclpt of 1 wt.%. Pluronic solutions as a function of xEO.  
The L62 is mixed with P85, the percentage denotes the composition. The value from 
literature for F127NF is also shown for comparison. 
 
Figure 3.4 shows the effect of NaCl concentration on the cloud point of P85 and L62, 
the cloud points were measured using UV-Visible spectroscopy. It can be seen that salt 
does not significantly effect the Tclpt of the Pluronics. This is because the Pluronics are 
not charged and do not rely on electrostatics for stability or micelle association. The 
slight decrease in Tclpt from 82 to 79.5 °C for the P85 and 31 to 29.5 °C for the L62 
over a concentration range of 0M to 1M NaCl can be attributed to competitive 
hydration which causes the polymer chains to move closer to remain full hydrated11. 
This decrease is negligible and at the concentrations of soluble additives being studied 
(that of the body) is not important to the thermal properties of the solution.   
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Figure 3.4. Cloud points for 1 wt.%. L62 and P85 in water as a function of added 
NaCl. 
 
3.4.2 Phase diagrams of Pluronic mixtures in water 
A Pluronic mixture should give control over Tclpt, assuming that the cloud point is 
equivalent to the LCST, and that it does not give two separate cloud points at the 
respective cloud points of each component of the mixture. In order to determine if a 
Tclpt of 37 °C was possible an investigation into the effect of mixtures was carried out. 
The CMT (critical micellation temperature) for the Pluronics occurs at a low 
temperature, but the micelles remain small13. The LCST was determined by heating a 
Pluronic solution in a thermostat controlled water bath and observing the change in 
phase by turbidity, using visual observation. Figure 3.5 shows the effect of composition 
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on the Tclpt values. The measurements were performed in PBS solution which contains 
salts and buffers which are identical in concentration to those found in the body. From 
Figure 3.5 it can be seen that increasing the concentration of L62 or P85 alone 
decreases Tclpt and that adding P85 to L62 increases Tclpt dependant on the xEO of the 
mixture. The phase diagrams of the mixed Pluronics are complicated, showing more 
than one cloud point. This will be discussed later. 
 
Figure 3.6 shows Tclpt values for L62 and P85 mixed to produce 1, 2 and 3 wt.%. total 
polymer concentration in PBS respectively, 1 and 2 wt.%. (Fig. 3.5a) show a single 
cloud point. As the total concentration increased multiple cloud points were present, as 
can be seen in Figure 3.6b. It is also seen from Figure 3.6 that multiple cloud points 
become more apparent as the concentration of Pluronic increases. This could be due to 
the two polymers not mixing completely and showing their individual Tclpt values. 
Figures 3.5 and 3.6 were constructed for the purpose of deciding on a mixture which 
according to cloud point would have the thermally triggered properties required (i.e. 37 
°C in PBS). A mixture of between 85 and 87% L62 and 15 and 13% P85, was decided 
upon as the cloud point in this region is close to body temperature (Figure 3.6).  
 
Mixtures of L62 and F127NF were also tested and data are shown in Figure 3.7. It was 
seen that at 3% F127NF and 97% L62 mixture would cloud at 32 °C at a total 
concentration of 1 wt.%. This would allow for the Pluronic to cloud at physiological 
conditions, at low concentrations which makes it potentially useful as an in vivo 
system. 
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Figure 3.5. Ternary phase diagram showing cloud points as a function of varying concentrations of a) P85, b) Mixtures of P85 and L62 in PBS 
and c) L62. The total Pluronic concentration for the mixture in (b) is 10 wt.%. in 90 wt.%. PBS solution. For this set of data a weight fraction of 
0.5 is equivalent to 5 wt.%. L62 and 5 wt.%. P85). 1ϕ = solution, 2ϕ = dispersion of solid in water. 
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Figure 3.6. Phase diagram of L62 and P85 mixtures at a) 1 and 2, and b) 3 wt.%., 
dissolved in PBS solution. The dotted lines depict body temperature (37 °C) and the 
fraction of L62 required for clouding to occur at this temperature. 
 
 63
0
10
20
30
40
50
60
70
80
90
0 0.05 0.1 0.15 0.2
Weight Fraction F127NF
Tc
lp
t /
°C
1 wt.%. total Pluronic
3 wt.%. total Pluronic
2Φ, 3 wt.%.
2Φ
1Φ, 3 wt.%.
1Φ
a)
 
0
10
20
30
40
50
60
70
80
90
0 0.05 0.1 0.15 0.2
Weight Fraction F127NF
Tc
lp
t /
°C
10 wt.%. total Pluronic
2Φ
1Φ
1Φ
2Φ
b)
 
Figure 3.7. Phase diagram of L62 and F127NF mixtures, as a function of F127NF 
concentration. The Pluronic mixtures had to a total concentration of (a) 1, 3 and (b) 10 
wt.%., in PBS solution.  
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It can also be seen that it is possible to programme the Tclpt of the Pluronic solution by 
using a mixture of L62 and either P85 or F127NF. At Pluronic concentrations up to 10 
wt.%. and temperatures up to 50 °C gelation did not occur, as the Pluronics did not 
form strong enough associations. The mixtures that showed the most potential are 85-
87% L62 and 13-15% P85, and 97% L62 and 3% F127NF. 
 
3.4.3 Characterisation of PLGA particles 
A series of dilutions of the 1.56 wt.%. PLGA dispersion were made in order to get an 
acceptable count rate (more than 105 sec-1) and to determine the concentration 
independent particle size range. The data are shown in Figure 3.8. A reliable and 
repeatable result required a count rate less than 106 sec-1 and to show a minimal change 
between results, a particle concentration of 1.25×10-3 wt.%. was chosen for subsequent 
measurements. 
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Figure 3.8. Effect of concentration on the hydrodynamic diameter and scattered light 
count rate. The particles were made with 1.56 wt.%. PLGA in a 1 wt.% L62 solution 
and diluted in deionised water. 
 
The thermoresponsive PLGA nanoparticles where produced by dissolving PLGA in 
acetone and adding it to an aqueous solution of Pluronic as described by Dunn et al69. It 
was found that increasing the amount of PLGA used during production caused an 
increase in the size of the nanoparticles and by choosing a specific concentration it was 
possible to select a specific particle size, ranging from 100 to 300 nm. This effect on 
size is shown in Figure 3.9. It is also seen that the addition of Pluronic does not affect 
the particle size. This means that the particles form faster than the Pluronic can coat 
them. This may indicate that their size is based primarily upon electrostatic repulsion. 
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Figure 3.9. The effect of the initial PLGA preparation concentration in the organic 
phase (acetone) on the average diameter of the nanoparticles. The data were measured 
using PCS. Total yield data is shown. The unstable zone denotes concentrations where 
aggregation of the particles made measurement of single particles impossible, and 
showed non-dispersible aggregates of more than 4 μm. 
 
To verify the hydrodynamic diameter measures by PCS, SEM micrographs were taken 
of the deposited dispersions. Measurements of particle size were calculated from these 
micrographs using ImageJ (Figure 3.10). These micrographs show coalescence of the 
particles (shown using arrows), which is attributed to the low glass transition 
temperature of the PLGA68, 42.1 °C (by DSC). By taking measurements of the total 
solids content it was also seen, that the yield % of nanoparticles decreases with the 
amount of PLGA used when CPLGA(o) exceeded 0.03 g/ml. The most efficient 
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concentration was found to be a CPLGA(o) of 0.032 g/ml which equates to 1.6 wt.%. in 
the aqueous phase with a yield of 85.6%, after which the yield began to fall. This fall in 
% yield can be attributed to colloidal instability. At high PLGA concentration, the 
PLGA is unable to disperse in the aqueous phase quickly enough to avoid coagulating 
in to larger particles which then sediment and stick to the stirrer or are lost due to the 
centrifugal effect of stirring. The aggregates of this fraction of particles stick to the 
sides of the tube. Aggregation occurs because the PLGA particles are soft and partially 
dissolved in acetone, when they come into close contact they can easily stick together, 
as the aqueous PLGA concentration increases this is more likely. Additionally as the 
concentration of acetone in aqueous solution increases, the osmotic pressure driving the 
formation of secondary particles decreases and the size of the secondary particles 
increase. The viscosity of the organic phase also has an effect on the rate of osmosis 
and subsequently the particle size. If the viscosity is high then the aqueous phase will 
diffuse more slowly into the droplet, and the secondary particles will be larger as the 
pressure driving them to fragment will be decreased. 
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Figure 3.10. Scanning electron micrographs for (a) bare PLGA particles and (b) PLGA 
particles prepared in the presence of Pluronic F127NF. Both images were produced 
using 1.56 wt.%. PLGA in aqueous solution (CPLGA(o) = 0.032 g/ml) and then diluted to 
0.0005 or 0.001 wt.%. respectively. The insets show the particle size distributions for 
the individual particles measured from the SEM data. Arrows show aggregated 
particles. 
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The mechanism proposed above assumes that immediately after the addition of a 
primary droplet of PLGA containing acetone to the aqueous phase it fragments into 
smaller secondary (transient) droplets. Interfacial turbulence most likely contributes to 
this process. The transient secondary droplets have a nominal size of dsec. It should be 
stated that this is not an emulsion (which requires two immiscible liquid phases110) as 
both the liquids are miscible. As shown in Figure 3.1, the acetone and PLGA coils 
rapidly diffuse into the aqueous phase. This results in the deposition of PLGA at the 
acetone/water interface and aggregation of the deposited globules to form particles. The 
following simple equations assume that the mass of PLGA in the secondary droplet is 
the same as the mass of the PLGA within the PLGA particle which is formed after the 
acetone it is dissolved in has diffused into the aqueous phase. It is also assumed that 
aggregation of the particles or the secondary droplets does not occur.  
 
MPLGA(drop) = MPLGA(part) (3.1) 
 
Where MPLGA is the mass of PLGA in both the particle (MPLGA(part)), and droplet 
(MPLGA(drop)). 
 
Therefore; 
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Where ρ is the density, V the volume, ϕPLGA the volume fraction of PLGA in the 
particle, and CPLGA(drop) the concentration of PLGA in the secondary droplet. 
 
Assuming that mass is preserved, i.e. MPLGA(part) = MPLGA(o), equation (3.3) and (3.4) 
gives; 
 
 
3
1
)(
sec 



PLGAPLGA
oPLGACdd   (3.5) 
 
Where ρPLGA is the density of PLGA which is taken to be 1.26 g/mL111. The volume 
fraction of PLGA in the particle is ϕPLGA. Equation 3.5 predicts that the final particle 
size (d) should be proportional to the cube root of the concentration of PLGA in the 
organic phase (CPLGA(o)⅓). Equation (3.5) was used to fit the particle size data shown in 
Figure 3.9 using dsec as the only adjustable fitting parameter. This can be seen in Figure 
3.11. The value for ϕPLGA was set at 1.0, which assumes that the particles are 
completely PLGA, and do not contain acetone or water within them. This shows a good 
fit (0.97), which supports, but does not prove, the above model is correct for this 
system. Using Equation 3.5 a value of 800 nm for dsec was given. Alargova et al. used a 
similar formation mechanism as the one used in this study, and used a related model to 
explain the particle sizes observed. They calculated a diameter of 5000 nm for their 
instantaneous emulsion droplets produced during fullerene particle preparation112. The 
average volume of an acetone droplet containing PLGA was measured to be 0.018 ml, 
implying that each primary droplet produced 7 × 1010 secondary droplets. This analysis 
also implies that the total number of secondary droplets is independent of CPLGA(o). 
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Figure 3.11. Showing particle size against CPLGA(o)1/3. These data were taken from fig 
3.9 and were measured by PCS. The equation and fit of the trend are shown. 
 
The zeta potential of both the L62 coated and bare PLGA particles were obtained from 
measuring electrophoretic mobility of the particles. These measurements were 
performed to investigate the electrostatic stabilisation of the Pluronic coated particles, 
and to improve the chances that at physiological conditions the particles will become 
unstable and aggregate. The iep (isoelectric point) is the point where the electrophoretic 
mobility of the particles is zero. This occurs at the point of zero charge (pzc) where the 
surface charge of the particles is zero113. This is not known for our particles as the 
zetapotential is not measured at the particle surface and charge from ions close to the 
surface will be measured. At this point an electrostatically stabilised dispersion is at its 
most unstable as there is no repulsive charge keeping the particles apart. Figure 3.12 
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shows that the iep is between pH 1.5 and 2. This is expected for lactic acid114 which has 
a pKa of 3.08. pKa is the acid dissociation constant. 
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Figure 3.12. Graph showing the electrophoretic mobility of bare, Pluronic L62  and 
Pluronic F127NF coated PLGA nanoparticles produced using 1.56 wt.%. PLGA. An 
iso-electric point close to pH 2 is measured. The inset shows the zeta potential of bare 
and L62 coated particles between pH 5.0 and 6.0. The data shown in the inset was 
obtained using buffers at ionic strength of ≈0.1M. 
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The pKa can be understood from the following equilibrium; 
 
HA + H2O   A- + H3O+
 
The state of equilibrium can be understood to be; 
 
  
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HAK
10log
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

  (3.6) 
 
The brackets denote concentrations. The larger the value of pKa, the smaller the extent 
of dissociation, and the weaker the acid114.  
 
   AHApKpH a log   (3.7) 
 
At half neuralisation, when [A-]=[HA], [HA]/[A-] = 1, therefore pH is equal to pKa115. 
If an iep occurs at pH 1.5, using a pKa of 3.08 and Equation (3.7) it can be shown that; 
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If [A-] ≠ 0, then [HA] ≈ 38[A-] 
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This shows that lactic acid is a weak acid and assuming PLGA has the same pKa due to 
the high proportion of lactic acid, it can be seen there are very few charged units on the 
particle. It therefore has a small ζ potential, and is easily shielded by a thin coating 
layer. 
 
Barnes and Prestidge103 have shown how electrophoretic mobility data can be used to 
estimate the layer thickness (δ) for Pluronics on siloxane droplets providing δ is not 
significantly smaller than the double layer thickness (1/κ). Using the same approach 
here, a simplified model of the electrical double layer was used. This assumes that the 
surface potentials are the same for bare or coated PLGA particles. This approach has 
also been used by Santander-Ortega et al107 to estimate δ for Pluronic F68 on PLGA 
particles. The relevant equations were provide by Barnes and Prestidge103. These have 
been rearranged to permit the δ for coated particles to be calculated from the zeta 
potentials of coated (ζ2) and bare (ζ1) particles at the same pH. 
 
A particle without an absorbed surface polymer has a shear plane Δ; 
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A particle with an absorbed surface polymer has a layer thickness δ; 
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Combination and rearrangement of (3.8) and (3.9) gives; 
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By taking the logarithm, the equation can be rearranged to solve for δ; 
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For Equation 3.11 z and e are, respectively the charge number and electron charge; 
while k and T have their usual meaning. Δ and 1/κ are the shear plane for the bare 
particles (ca. 0.4 nm103) and the double layer thickness respectively. Equation (3.11) 
and the data from Figure 3.12 were used to estimate δ values for the Pluronic coated 
PLGA particles. The data for the bare and F127NF coated particles measured in the 
presence of 1 × 10-3 M NaNO3 (1/κ = 10 nm) and pH values of 4.6 and 7.7 gave a δ 
value of ca. 27 ± 2 nm. The data for the bare and Pluronic L62 coated particles 
measured in the presence of buffer (1/κ = 0.9 nm) gave a δ value of ca. 0.8 ± 0.2 nm. A 
layer thickness of 1 nm is reasonable for the Pluronic L62 when compared to related 
data of Pluronic L62 coatings on polystyrene104 where a layer thickness of 1.4 nm was 
reported. A value of 10 nm was assumed for the 1/κ for the F127NF coated particles, 
the presence of additional NaNO3 ions would decrease 1/κ and the δ value calculated 
would also decrease. Therefore 27 nm is the maximum value for this system. 
Considering this analysis it can be seen that bare PLGA particle are electrostatically 
stabilised. L62 coatings on the particles add steric stabilisation, with F127NF giving 
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complete steric stability to the particles at room temperature. This is due to 
considerable differences in block size between the L62 and F127NF (Table 3.1) and 
consequent difference in layer thickness. 
 
3.4.4 PLGA dispersion stability 
PLGA dispersions were produced using interfacial deposition at 1.56 wt.%. (CPLGA(o) of 
0.032 g/ml) and diluted using a NaOH / potassium hydrogen phthalate buffer of 
specific pH and their stability investigated using the wavelength exponent method. The 
value of -dlog(τ)/dlog(λ) is very sensitive to aggregation. A value of close to 4.0 
indicates a stable dispersion. As the dispersion becomes less colloidally stable this 
value decreases. The lower the value the more aggregated the dispersion. Figure 3.13 
shows the effect of pH on the stability of bare and Pluronic coated particles produced 
using 1.56 wt.%. PLGA and 1 wt.%. Pluronic. From Figure 3.13 it can be seen that the 
F127NF coated dispersion is colloidally stable across the entire pH range at room 
temperature; whereas, the bare and L62 coated dispersions aggregate. The L62 coating 
adds some dispersion stability with the onset of aggregation around pH 2.8 compared to 
around pH 3.5 for the bare dispersion.  
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Figure 3.13.  Effect of pH on –dlog(τ)/dlog(λ) for dispersions of bare and Pluronic 
coated PLGA particles. The particles were prepared using 1.56 wt.% PLGA (CPLGA(o) of 
0.032 g/ml) and diluted to 0.4 wt.%. 
 
To probe the electrostatic stability of the dispersion at a fixed pH NaNO3 was added to 
the dispersions. Electrolytes screen the surface charge of the particles causing 1/κ to 
decrease, and decreasing the electrostatic repulsion between particles in the dispersion. 
The data from Figure 3.14 shows clearly that an F127NF coating stabilises the 
dispersion. This is due to the F127NF layer, which supplies steric stabilisation. L62 has 
a smaller layer thickness and doesn’t shield the dispersion fully, but allows the 
dispersion to remain stable at 0.15M which is the ionic strength of the body. The bare 
particles on the other hand showed complete aggregation at this concentration. 
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Figure 3.14.  Effect of NaNO3 concentration on dlog(τ)/dlog(λ). The data were 
obtained at a pH of 4.7. The particles were prepared using 1 wt.% PLGA (CPLGA(o) of 
0.02 g/ml). Bare particle showed a CCC of 0.06 M and L62 coated particles showed a 
CCC of 0.17M, represented by the arrows. 
 
To further probe the electrostatic stability of the L62 at a fixed pH the dispersions were 
made at 1.56 wt.%. (CPLGA(o) of 0.032 g/ml) using varying concentrations of NaNO3 
and Ca(NO3)2. These salts were chosen as they did not effect the pH of the solution. 
The -dlog(τ)/dlog(λ) values were plotted against salt concentration to determine the 
critical coagulation concentration (CCC) of the respective salts shown in Figure 3.15. 
For bare dispersions the CCC for the Ca(NO3)2 was 0.05M, a factor of 10 less than that 
of the NaNO3 (0.5M). This is expected as electrolytes cause compression of the diffuse 
layer. This compression decreases the ability of the particles to stabilise themselves 
elctrostically, The compression is highly dependant upon the charge number of its 
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counter ions and is seen to show very little dependence on the specific character of the 
ions. This is known as the Schulze-Hardy rule25. 
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Figure 3.15. Graph showing the variation of dlog(τ)/dlog(λ) against concentration for 
bare PLGA nanoparticles produced using 1.56 wt.%. (CPLGA(o) of 0.032 g/ml). Arrows 
represent the CCC of the dispersion. 
 
To determine the critical flocculation temperature (CFT), dispersions of L62 coated 
dispersions were investigated in deionised water, 0.15M NaNO3 and 1.5M NaNO3. 
Figure 3.16a shows that at 0.125 wt.%. L62 and 0.15M NaNO3, there was aggregation 
at 42 °C, whereas the L62 without the added salt remained stable. Furthermore PLGA 
in the presence of 0.5 wt.%. L62 and 0.15M NaNO3 shows aggregation at 28 °C; 
whereas, for 1.5M NaNO3 aggregation occurred at less than 20 °C. 0.15M NaNO3 
matches physiological concentrations, it can be seen that this concentration allows for a 
stable colloidal dispersion at room temperature (Figure 3.16). The NaNO3 acts to 
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decreases the energy barrier that opposes aggregation of the L62/PLGA dispersion. 
This is important because it means that dispersions at physiological ionic strength and 
25 °C are stable. This allows for the possibility of injecting the dispersion through a 
narrow gauge needle into the body. Once in the body thermally triggered aggregation 
will occur. Additionally the system is FDA approved for use as a drug delivery system. 
 
Although a 0.5 wt.%. L62 and 1.56 wt.%. PLGA system shows controllable 
aggregation at physiological conditions the overall aim of the project was to produce a 
system where gelation occurred for use as an injectable soft tissue scaffold. The 
Pluronic coated PLGA dispersion did not gel. A reason for this may be that the core is 
shielded too efficiently by the PEO shell. It is also possible that the concentration of 
Pluronic was not high enough, but high concentrations would be harmful to cells and be 
too viscous to be injectable. The concentration of Pluronic on the nanoparticle with and 
without the screening caused by NaNO3 was investigated. This can be seen in Figure 
3.16. From this data it can be see that when the electrostatic interactions are screened 
used NaNO3 the CFT is comparable with Tclpt. It can be seen that CFT shown with a 
line occurs below Tclpt shown with an arrow. This means that a thermally triggered loss 
of steric stabilisation occurs above the CFT causing aggregation of the dispersed 
nanoparticles and of the micelles in solution. Although this does not prove that taken 
separately both the aggregation of the nanoparticles and that of the micelles occur at the 
same temperature. To investigate the reversibility of the thermally triggered 
aggregation dispersions of 1.6 wt.%. PLGA and 1 wt.%. L62 were produced in both 
0.15 NaNO3 and PBS solution. These were heated to above 50 °C for 5 mins and then 
allowed to cool to room temperature.  
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Figure 3.16. Variation of -dlog(τ)/dlog(λ) with temperature for PLGA dispersions 
prepared using Pluronic L62. The concentration of Pluronic (wt %) was (a) 0.125 or (b) 
0.5 wt.%. The NaNO3 concentrations used are shown in the legend. The Tclpt values for 
Pluronic L62 at 0.125 and 0.5 wt.%. were 28 and 42 °C, respectively (shown by 
arrows). 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Optical micrographs of the dispersions were taken, these are shown in Figure 3.17. 
Micrographs of dispersions at 25 °C were also taken but did not show distinct particles 
due to particle size being below the magnification range of the microscope. It can be 
seen that there is significant aggregation even after cooling. In the NaNO3 containing 
dispersion the 210 nm nanoparticles have coalesced to form visible particles of 400-600 
nm, and have aggregated to form aggregates of around 3µm. This is expected since 50 
°C > Tg. In the PBS containing dispersion the aggregation is almost total, containing 
over 90% of the nanoparticles from the dispersion and forming aggregates of several 
millimetres.  
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Figure 3.17. Optical Micrographs of PLGA particles made using 1.6wt.%. PLGA and 1 
wt.%. L62. (a) 0.15M NaNO3 at pH 4.7 at 50°C, (b) 0.15M PBS solution at pH 7.4 after 
heating above 50 °C 
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3.5 Conclusions 
The Pluronic forms micelles and then aggregates when heated in solution. This is 
because the hydrophilicity of both PPO and PEO decrease with temperature. The 
addition of salt did not significantly affect the Tclpt of the Pluronic. At high 
concentration the Tclpt appeared to increase due to the formation of structures at very 
low temperatures which have to break before micelles can form3,13. Mixtures of 
Pluronics were investigated and showed that a Tclpt can be predicted from xEO and when 
used to coat particles a CFT could also be predicted.  
 
The mechanism of interfacial deposition for PLGA particle formation was investigated 
and it was found that particle size can be predicted from PLGA preparation 
concentration and that the final particle size is primarily based on electrostatics and not 
affected by the addition or lack of a stabilising agent. It was found that the bare 
particles have an iep of between pH 1.5 and 2 this is reasonable given the published 
pKa of lactic acid is 3.08. It was also found that the CCC for the bare PLGA dispersion 
was around 0.35 M for NaNO3 and around 0.035 M for Ca(NO3)2, at pH 4.8.  
 
According to the requirements of the project, L62 appears to be best coating system to 
use as it has a cloud point and aggregation temperature close to body temperature, and 
is stable at room temperature in 0.15 M ionic strength and at pH 7.4, but aggregated 
when heated. This allows for the dispersions to be used in PBS, which would cause less 
shock to the body if the dispersion is injected. The system is known to show good 
biocompatibility and the components have been reviewed and approved by the FDA for 
other uses in the body65,97,116. However PLGA dispersions stabilised by L62 failed to 
achieve the overall goal of this project which is to form a space filling, thermally-
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triggered gel for use as an injectable soft tissue scaffold, because the coated particle can 
not produce a space filling network. This may be due to the PEO being too efficient at 
protecting the hydrophobic core from neighbouring segments. In the next chapter the 
Pluronic is replaced with a poly(PEGMA-co-PPGMA) copolymer consisting of a 
methacrylate backbone and, PEO and PPO side chains, which gives a greater control 
over the polymer structure. 
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4 A study of the thermally responsive behaviour of 
poly(PPGMA-co-PEGMA) copolymer solutions. 
 
Abstract 
In this chapter a study of poly(PPGMA-PEGMA) as a suitable thermoresponsive 
polymer in conjunction with a polycaprolactone (PCL) microparticle dispersion as a 
potential tissue supporting gel scaffold is discussed. The copolymers were synthesised 
using free radical polymerisation (FRP) in a batch or a feed method. Comparison of 
xPEGMA (the volume fraction of PEGMA chains in the total copolymer) calculated by 
weight and xPEGMA calculated from 1H NMR showed a linear relationship. Direct 
comparison of xPEGMA values showed that the reactivity ratios of the PPGMA and 
PEGMA macromonomers used are similar. Decreasing the concentration of 
azobisisobutyronitrile (AIBN) used during the polymerisation increased Mn of the 
copolymer. Through measurement of Tclpt and rheology the properties were 
determined. Copolymers synthesised using PEGMA526 showed the lowest Tclpt 
values, and the Tclpt values increased linearly with xPEGMA. Using xEO (the volume 
fraction of EO chains in the total copolymer) allowed for a comparison of this 
copolymer with the Pluronics used in the previous chapter, and showed that for the 
same xEO value the poly(PPGMA-PEGMA) copolymers have a lower Tclpt. Although 
the poly(PPGMA-PEGMA) copolymers showed increased viscosity at temperatures 
approaching Tclpt, no gel was observed. The addition of PCL particles to the 
copolymer did not lead to a particulate gel. Possible reasons for this are discussed. 
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4.1 Introduction 
The overall aim of the project was to make an injectable thermoresponsive gel scaffold 
which can support cells. The previous chapter showed that it was only possible to 
obtain thermally-triggered aggregation using mixtures of Pluronic with PLGA 
nanoparticles. Our colleagues at the University of Nottingham had shown success in 
producing particulate gels capable of supporting C2C12 myoblasts using a range of 
poly(PPGMA-PEGMA)59 copolymers made using FRP and ATRP117 (atom transfer 
radical polymerisation) and high concentrations of PLGA particles. The particles 
ranged from 2 to 20 μm in size. The dispersion was injectable. They also showed that 
the gels were capable of supporting the cells and maintaining viability for more than 
10 days. We wanted to explore the colloidal aspects of that system in more detail. 
Thus, poly(PPGMA-PEGMA) was chosen for study due to FDA approval for 
PEG40,50,118 and PPG119,120 polymers being used in medical applications. This also 
applies for PCL118. Poly(PPGMA-PEGMA) has yet to have been reviewed by the 
FDA for this purpose to the author’s knowledge. 
 
4.1.1 Free radical polymerisation 
Poly(PPGMA-PEGMA) was produced using FRP10. Free radicals are species 
containing an unpaired electron. They are highly reactive with a short life span. Free 
radical polymerisation or chain polymerisation allows growth by addition of single 
monomer groups to a terminal radical reactive site, known as the active centre. Upon 
the addition of each monomer the terminal radical moves to the terminus of the added 
monomer and another monomer can be added. Polymerisation can be broken down 
into three key stages; initiation, propagation and termination11. 
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In the initiation step a free radical is added to a polymer chain or monomer, this occurs 
in two phases. Firstly the creation of a free radical occurs from an initiator by 
homolysis or single electron transfer. In the case of AIBN which was used in this 
study it is homolysis that produces the free radical. The -N=N- bond undergoes 
thermolysis according to the following10. 
 
 
 
The reaction gives two 2-cyanopropyl radicals and nitrogen gas. The dot on the 2-
cyanopropyl radical shows the location of the unpaired electron. The radical reacts 
with the monomer to create an active centre. 
 
In the propagation step growth of the chain occurs by rapid addition of monomer to 
the initiated chain and the movement of the active centre to the most recently added 
monomer10,11. 
 
RM˙ + M → RM−M˙ 
RM−M˙ + M → RM−M−M˙ 
 
Where R is the radical and M the monomer, M˙ shows the position of the radical in 
the chain. 
 
 
(g) 
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In the termination step the polymerisation is stopped. This can occur by combination, 
where two growing chains combine head to head and the radicals bond to give an 
electron pair. Alternatively, disproportionation occurs where one growing chain 
abstracts a hydrogen from another growing chain. Therefore removing one electron 
from one chain and giving it to another, thus removing the radical reactive site.  
 
Combination 
~CH2–CH2˙ + ˙CH2–CH2~ → ~CH2−CH2−CH2−CH2~ 
 
Disproportionation 
~CH2−CH2˙ + ˙CH2−CH2~ → ~CH2−CH3 + CH2=CH~ 
 
The rate of polymerisation is based on the kinetics of all these steps. Generally the 
slowest of these steps dictates the overall rate and is know as the rate limiting step. 
The rate of initiation can be broken down into two parts. The rate of radical production 
from initiator,  nRI  and the rate of reaction between the radical and the first 
monomer,   1RMMR . The first is slow and requires the input of energy as 
heat (or light). The second is fast, and in most cases is close to instantaneous. The rate 
of initiation is therefore the rate of the initiator homolysis as it is the rate determining 
step. The initiation rate (Ri) can be written as; 
 
 22  MkR ti   (4.1) 
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Where [R˙] is the concentration of active radicals, and the rate describes the change in 
this concentration over time as initiator forms radicals. For the propagation step, it is 
assumed that the rate is constant, and not dependant on chain length. It is further 
assumed that polymerisation occurs at the rate constant kp. The general reaction occurs 
as; 
 


  1iki RMMRM p  
 
The rate of consumption of polymer chains for the propagation step is given by; 
 
            ip MMMMkdtMd ...21   (4.2) 
 
If [M•i], the concentration of radicals formed in the iniation step, is the total 
concentration of all radical species. (    

 
1i
iMM ) then; 
 
     MMk
dt
Md
p   (4.3) 
 
As stated above termination can occur by combination or disproportion and may occur 
by both. The rate constants for combination and disproportionation are ktc and ktd 
respectively. The overall rate at which the radical species are consumed is given by; 
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   
     2220 

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
MkIfk
dt
Rd
k
Ifk
R
ti
t
i
  (4.4) 
The factor of 2 is because two growing chain and their respective radicals are 
consumed with each termination reaction. kt is the overall rate constant for 
termination, tdtct kkk  . 
 
At the start of a polymerisation the rate of radical formation through initiation exceeds 
the rate of loss by termination. As [M•] increases rapidly the termination rate 
increases, the rate of production and loss reaches equilibrium, and the net change in 
[M•] becomes zero. This is known as steady-state conditions. In general a FRP will 
reach steady state conditions within a few seconds of the start of polymerisation. The 
rate of initiation can be defined as; 
 
 22  MkR ti    (4.5) 
 
And at steady state the total concentration of radical species is given by; 
 
  21
2 



t
i
k
RM   (4.6) 
 
This can be combined with the equation for the rate of propagation (Equation (4.3) to 
give an overall rate or polymerisation (Rp) for polymerisation under steady state 
conditions. 
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We can see that the rate is dependant on the rate of initiation, and the rate of initiation 
should be looked at more closely so that the rate can be derived. Thermolysis is the 
most common method of initiation. This gives two free radicals for each initiator 
molecule and the rate can by given as; 
 
  IfkR di 2   (4.8) 
 
Where kd is the rate constant, f is the initiator efficiency, which is the fraction of 
primary free radicals that initiate polymerisation. The factor of 2 is because two 
radicals are formed per initiator molecule. Substitution of this into equation 4.7 gives; 
 
   212
1
IM
k
fkkR
t
d
pp 


   (4.9) 
 
The probability of a reaction occurring can be used to predict the Mn and Mw of the 
final product when it terminates by combination. 
 
  1
2 0MM n    (4.10) 
 
 



1
20MM w   (4.11) 
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Where β is the probability of a reaction between a monomer unit and the growing 
chain occurring. From this we can predict the polydispersity of the product; 
 
2
)2( 
n
w
M
M   (4.12) 
 
In the formation of long molecules that undergo termination by combination β → 1 
and 
n
w
M
M  → 1.5. The polydispersity for termination by disproportionation is; 
 
  1
n
w
M
M   (4.13) 
 
In this case as β → 1,
n
w
M
M  → 2. This shows that termination by combination gives a 
narrower molar mass distribution10. 
 
4.1.2 Reversible addition-fragmentation chain transfer 
RAFT (reversible addition-fragmentation chain transfer)121 is a living radical 
polymerisation method which allows for the formation of low polydispersity polymers 
and copolymers. RAFT using macromonomers, allyl sulfides, allyl bromides, allyl 
peroxides vinyl ethers and thionoesters as agents and were reported first in the mid 
1980s122,123. RAFT using thiocarbonylthio agents was first described in by CSIRO in a 
patent published in 1998124. 
 
With RAFT it is possible to produce diblock, triblock, star or graft copolymers. 
Gradient copolymers and dendridic polymers can also be prepared. It is capable of 
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initiating every chain and maintaining a steady state reaction for every chain being 
polymerised. This allows every chain to grow at an even rate, whereas a standard FRP 
method generally only initiates a few chains and maintains a steady state 
polymerisation for 5-10 seconds before terminating125. The chains are continuously 
initiated, propagated and terminated, and some chains may grow longer than others. 
FRP undergoes radical-radical terminations which means that not all the chain can be 
active at the same time125. A living polymerisation requires that the normally 
irreversible terminations of FRP are mostly reversible. To this end an agent which can 
either react with the radical by reversible deactivation or reversible chain transfer is 
added. The reversibility allows for the chains to switch rapidly between an active and 
dormant state under equilibrium, allowing every initiated chain to grow evenly. 
 
 
 
During RAFT the majority of the chains are in the dormant form (Pn―X). The RAFT 
agents tend to be thiocarbonate derived although they can use xanthate reagents, but 
the use of these is often referred to as MADIX126 rather than RAFT. RAFT agents do 
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not produce their own initiator, they instead use any radical producing intiator, most 
often with AIBN, ACP (4,4' azobis(4-cyanopentanol)) or K2S2O8. They can also be 
initiated using UV or gamma radiation, or a plasma field. To control chain length the 
concentration of initiator used is varied similarly to FRP10,127. This initiates fewer 
longer chains or more numerous shorter chains depending on concentration, but for an 
equal quantity of AIBN in a FRP polymerisation the chain length in a RAFT 
polymerisation will be greater125. The molecular weight of the polymer synthesised 
using RAFT can calculated using; 
 
  
       Mtn mPXRP MMcalcM   0)(  (4.14) 
 
Where tMM ][][ 0   is the number of monomer units consumed, [RP•] the number of 
active chains, [PX] the number of dormant chains and mM is the monomer molecular 
weight.  
 
Initiation and termination occurs as in conventional FRP. The first stage of 
polymerisation is the propagating radical (Pn•) reacting with the thiocarbonylthio 
compound to form a secondary radical (R•), in the form; 
 
  RSCZSPSZRSCP nn ])([])([  
 
This reacts with another monomer to produce a second propagating radical (Pm•), The 
equilibrium between these two propagating radicals maintains a steady state reaction 
where both chains grow at an even rate. At the end of the polymerisation most chains 
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retain the thiocarbonylthio end group, which is stable without additional monomer and 
a radical and can be isolated. 
 
 
The agent used to propagate the reaction varies greatly depending on the monomers 
used, the reaction environment being used and the final conformation required. An 
efficient RAFT agent has a reactive C=S double bond and a weak S-R bond. This 
should push the equilibrium in favour of the products, expel radicals (which continue 
the reaction), and minimise side reactions128. This allows for a smaller PD as the 
initiator will attach preferably to shortest chain blocks allowing each chain to grow at 
an even rate and to a similar length121,125. 
 
4.1.3 Reactivity ratios 
The reactivity ratio is the preference for reacting for the monomers/macromonomers 
used for the polymerisation of the polymer/copolymer. A ratio of 1 would mean both 
will react at an even rate and a copolymer containing an equal mole fraction of the 
components as added will be achieved. During a reaction between two monomers the 
following can occur; 
 








RBAARB
RBBBRB
RABBRA
RAAARA
BA
BB
AB
AA
k
k
k
k
 
 
The reactivity ratios for the respective monomer can be written as; 
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The solubility parameter gives a numerical estimate of the degree of interaction 
between materials; the values given for PEGMA and PPGMA respectively are 20.2 
and 16.3129. The similarity implies they are miscible with each other and have a high 
level of interactivity129. Additional 2-Butanone has a solubility parameter of 19, which 
means both macromonomers should dissolve well in the solvent. 
 
4.1.4 Poly(PPGMA-co-PEGMA) 
Ideally the copolymer consists of a methacrylate backbone and a random configuration 
of PEGMA or PPGMA side chains. The PPGMA is more hydrophobic than the 
PEGMA and in aqueous solution and at low temperatures the chain should associate 
itself so that the highest proportion of PEGMA surrounds the PPGMA and the 
polymer dissolves in solution. As the temperature is increased the micelle should 
collapse as both the PPGMA and PEGMA become more hydrophobic3,13  and the 
micelles should begin to aggregate. At the cloud point, the point where turbidity 
occurs, micelle aggregates should be large enough to scatter light2. 
 
The method of preparation of the polymer changed from what was originally 
demonstrated by Nottingham as Dr Wenxin Wang who developed the copolymer left 
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during the work. A feed method was developed, and this is what was used to produce 
most of the copolymers in this study. The details of which will be discussed later. 
4.1.5 PCL microparticle 
The PCL particles for this study were selected because they have a higher glass 
transition temperature (60.23 °C by DSC, Appendix 1) and are therefore harder than 
the PLGA at body temperature. In the previous chapter the PLGA was seen to 
coalesce and there were concerns this may have prevented gelation, the harder PCL 
may prevent this coalescence.  PCL has been used within the body as a scaffold and as 
particles in medical devices and delivery systems130,131. For this study PCL particles of 
micrometer size were chosen for use (below). 
 
4.1.6 Thermoassociative crosslinking 
This is the non-covalent reversible crosslinking that occurs at and above the LCST of 
the polymer132. It relies on thermally triggered hydrophobic interactions. In the case of 
the poly(PPGMA-co-PEGMA) copolymer the hydrophobic unit is the PPGMA. Below 
the LCST the hydrophobic units are completely shielded by the hydrophilic units and 
no interactions occur as temperature increases the shielding decreases and more 
hydrophobic crosslinking can occur97. Durand et al133 preformed studies in to the 
thermal association of PNIPAm chains, they also investigated the effect of co-solutes 
on the rheological behaviour of these chains. They showed an adjustable LCST using 
K2CO3 as a co-solute, and that the addition of this co-solute increases the viscosity of 
the PNIPAm solutions above the LCST. 
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4.2 Aims 
The aims of this part of the study were to prepare and characterise poly(PPGMA-
PEGMA) copolymers and to investigate the rheological properties of thermally 
responsive poly(PPGMA-PEGMA) solutions as a function of temperature. From these 
solutions the optimal copolymer and concentration for a thermally responsive PCL 
dispersion was to be selected, and characterised in the context of thermally triggered 
gelation. 
 
4.3 Experimental 
4.3.1 Materials 
The PEGMA526, PEGMA360, MPEGMA475 and PPGMA375 were purchased from 
Sigma Aldrich and used as received. PCL (14000 gmol-1 PD = 1.43) was a gift from 
Nottingham University. The water used was of MilliQ quality. 
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4.3.2 Copolymer synthesis 
4.3.2.1 Copolymer synthesis using batch copolymerisation 
The first approach used a batch copolymerisation method59 implementing free radical 
polymerisation. All the copolymers were polymerised using 2.5 g PEGMA, and 7.5 g 
PPGMA375 unless otherwise stated. These were added to 15 ml butanone in a 100 ml 
single neck flask equipped with a stirring flea, reflux condenser and nitrogen inlet, the 
solution was degassed by bubbling nitrogen though it for 30 min. The 
copolymerisation was conducted under reflux in an oxygen-free environment for 6 
hours at 70 °C after addition of 0.1 g AIBN initiator, and 0.08 g 1-dodecanethiol. The 
latter was as a chain transfer agent. After the copolymerisation was complete, the 
reaction was cooled to room temperature. The copolymer solution was then purified 
by adding 200 ml diethyl ether and 200 ml hexane at once and stirred for 30 min. The 
copolymer was insoluble in the hexane and ether mixture, and precipitated out of 
solution. The mixture was then left to stand for 30 min to ensure full precipitation. The 
supernatant was then carefully removed. The resulting copolymer was allowed to 
stand overnight and then dried using a vacuum oven at 60 °C for 1 hour.  
 
4.3.2.2 Copolymer synthesis using RAFT copolymerisation 
The second approach was to use a RAFT 127 agent developed by CSIRO121 containing 
thiocarbonylthio groups instead of the 1-dodecanethiol128. The RAFT agent combines 
with the initiator and then can reversibly combine with the growing chains and creates 
equilibrium of growing and passive chain units.  
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The RAFT agent used to polymerise the copolymer was bis(thiobenzoyl)disulifide. 
This was synthesised in three stages from bromobenzene. The bromobenzene and 
carbon disulfide were dried using anhydrous diethyl ether. The diethyl ether is more 
hydroscopic than the bromobenzene and carbon disulfide and therefore removes the 
water. The diethyl ether was then removed using a separation funnel. A dry 250 ml 
three neck flask, equipped with a condenser and magnetic stirring flea was charged 
with 0.75 g magnesium powder in 80 ml THF and degassed under a nitrogen 
atmosphere, 3.15 ml bromobenzene in 20 ml THF was then added dropwise in the 
three neck flask. A crystal of iodine was then added and the reaction heated gently to 
60 °C for 30 mins, and then allowed to react without heat for a further 2 hours 30 mins 
under reflux. After 3 hours 2.5 ml carbon disulfide was added dropwise and the 
solution stirred for a further 3 hours. This step synthesised dithiobenzoate.  
 
The solvent was then removed using a rotary evaporator. The resulting red viscous 
liquid was then diluted in 200 ml aqueous 4 wt.%. K2CO3 solution. The solution was 
then washed twice with 100 ml ethyl ether. The aqueous bottom phase was then 
collected using a separating funnel. 
 
30 ml aqueous solution of 1N iodine was added dropwise, causing the disulfide to 
precipitate and turning the solution from dark red to pink. The excess iodine was 
removed by adding crystals of Na2S2O3. The disulfide was then extracted using 
methylene chloride and dried using sodium sulphate. The product was filtered and 
then the solvent evaporated in a vacuum oven. 
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0.429 mg carbon disulfide was then degassed with 0.266 g AIBN in 150 ml ethyl 
acetate in a 250 ml round bottom flask equipped with a condenser and magnetic 
stirring flea. The solution was then allowed to react under reflux at 60 °C for 16 hours. 
The product was checked by TLC (thin layer chromatography), which separates the 
components of a mixture by mass using the capillary action of a thin sheet of 
absorbent material (stationary phase) on a non-absorbant backing. This allows a 
qualitative view of the state of reaction as the smaller monomer will move further up 
the stationary phase than the larger polymer. Once there is no monomer found in the 
product the solvent is removed. The bis(thiobenzoyl)disulfide was then purified by 
flash chromatography, using a 7:3 hexane/ethyl ether eluent. 
 
To polymerise the co-macromonomers (unless otherwise stated), 2.5 g PEGMA, and 
7.5g PPGMA375 were added to 15ml butanone in a 100 ml single neck flask equipped 
with a stirring flea, reflux condenser and nitrogen inlet. The solution was degassed by 
bubbling nitrogen though it for 30 min. in the same way as FRP. The copolymerisation 
was conducted under reflux in an oxygen-free environment for 6 hours at 70 °C after 
addition of 1 g AIBN initiator, and 0.1 g bis(thiobenzoyl)disulfide. 
 
After the copolymerisation was complete, the reaction was cooled to room 
temperature. The copolymer solution was then purified by adding 200 ml diethyl ether 
and 200 ml hexane at once and stirred for 30 min. The copolymer was insoluble in the 
hexane and ether mixture, and precipitated out of solution. The mixture was then left 
to stand for 30 min to ensure full precipitation. The supernatant was then carefully 
removed. The resulting copolymer was allowed to stand overnight and then dried 
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using a vacuum oven at 60 °C for 1 hour. The polymer was then purified in the same 
way as the batch copolymerisation scheme described above.  
 
4.3.2.3 Copolymer synthesis using feed method 
This method was used to avoid compositional drift10,134 and used a feed of 2.5 g 
PEGMA and 7.5 g PPGMA375 containing 0.02 g AIBN for all the copolymers (unless 
otherwise stated) in 20 ml butanone in a glass syringe. A 250 ml three neck flask 
containing 75 ml butanone, 0.1 g AIBN and a magnetic stirring flea, equipped with a 
reflux condenser and a nitrogen inlet was degassed by bubbling nitrogen through it for 
30 min. The feed solution was injected at a uniform rate using the syringe pump over 
90 min into the three neck flask. The contents of the flask were stirred at a constant 
rate throughout the feed and reaction. The solution was allowed to react under reflux 
in an oxygen free environment for 24 h at 70 °C. The polymer was then purified in the 
same way as the batch copolymerisation described above. The copolymer was used 
without further washing.  1H NMR of the resulting copolymer showed no peaks for its 
respective PPGMA375 or PEGMA macromonomers, which allows for a high 
confidence in the purity of the product. 
 
4.3.3 Thermally responsive dispersion preparation 
PCL dispersions were produced by solvent evaporation99. 1 g PCL was dissolved in 7 
ml dichloromethane and mixed with 40 ml aqueous phase containing the 
poly(PPGMA-PEGMA) copolymer at the desired concentration. The mixture was 
homogenized at 24,000 rpm for 2 min using a Silverson L4RT high shear mixer in 
order to form an oil-water emulsion. The emulsion was then stirred at 600 rpm 
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overnight to allow the dichloromethane to evaporate. The PCL microparticles were 
filtered and then collected by centrifugation at 3,000 rpm for 5 min. The supernatant 
was discarded and the sedimented microparticles redispersed in 5 ml of water. The 
dispersion was then freeze dried59. 
 
4.3.4 Physical measurements 
Viscosity measurements (i.e. static rheology) and dynamic rheology measurements 
were performed using a TA Instruments AR-G2 rheometer using 29 wt.%. solutions of 
copolymer unless otherwise stated. Measurements were also performed on a 
Brookfield LV viscometer using a SC4-18 head. The measurements were conducted 
over a temperature range of 18 to 60 °C. The Tg of the PCL was determined by 
differential scanning calorimetry, using a TA Instruments Q100 DSC. The 
determination of the cloud point3,57,58,109 temperature (Tclpt) of the copolymer solutions 
was conducted using a Hitachi U-1800 spectrophotometer using a wavelength of 400 
nm and thermostatic control. GPC data for the copolymers and PLGA were obtained 
by Smithers RAPRA (Shropshire, UK) using PLgel guard plus 2 x mixed bead-B 
column and chloroform as a solvent. 1H NMR10,135 for the polymers and copolymers 
were perfomed using a Bruker 500MHz instrument. Deuterated water was used as a 
solvent for the samples. 
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4.4 Results and Discussion 
Although copolymers were made using RAFT they were not investigated in detail for 
this study. This is because they showed mixed results when tested. The polymers 
made were shown to work by the Wenxin Wang group59 but surprisingly did not show 
the same results when tested at Manchester. It was not clear why this inconsistency 
occurred. In the interests of time the polymers made by FRP were chosen to test 
further. 
 
The copolymers produced using the batch method also showed highly varied results in 
terms of thermothickening properties. Some solutions appeared to gel under heating, 
whereas others remained fluid. The batch method used high concentrations of 
reactants which allowed for the possibility of blocks of PEGMA or PPGMA375 in the 
copolymers to be produced rather than a random copolymer. This could have 
introduced poor reproducibility. In an effort to improve on this the feed method was 
used which enabled the reactants to be introduced evenly and maintained a constant 
concentration during the reaction. 
 
The feed method gave the best reproducibility of thermal properties and was chosen to 
produce all the copolymers investigated in this chapter. A range of copolymers where 
made using three different PEGMA macromonomers using varying proportions of 
PEGMA and AIBN. Table 4.1 shows the effect of increasing weight fraction of 
PEGMA and decreasing the quantity of AIBN on molar mass and polydispersity. 
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Table 4.1. Table of copolymer preparations 
NO. Identity a Initiatorb 
/wt.%. 
WPPGMAc xPPGMAd xPPGMA(NMR)e xPEGMAd xPEGMA(NMR)e xEO f xEO(NMR)g Mn 
/gmol-1 
PD 
1A poly(PPGMA-0.19PEGMA526) 0.990 0.75 0.808 0.816 0.192 0.184 0.320 0.344 14200 2.35 
1B poly(PPGMA-0.23PEGMA526) 0.990 0.70 0.766 0.772 0.234 0.218 0.375 0.383 15100 2.85 
1C poly(PPGMA-0.28PEGMA526) 0.990 0.65 0.723 0.744 0.277 0.266 0.423 0.420 16050 2.90 
1D poly(PPGMA-0.32PEGMA526) 0.990 0.60 0.678 0.735 0.322 0.265 0.486 0.430 16850 2.45 
1E poly(PPGMA-0.37PEGMA526) 0.990 0.55 0.632 0.601 0.368 0.399 0.541 0.583 14300 3.00 
1F poly(PPGMA-0.19PEGMA526) 0.249 0.75 0.808 0.800 0.192 0.200 0.320 0.344 29700 3.00 
2A poly(PPGMA-0.20MPEGMA475) 0.990 0.75 0.792 0.800 0.208 0.200 0.300 0.292 14350 2.25 
2B poly(PPGMA-0.20MPEGMA475) 0.249 0.75 0.792 - 0.208 - 0.300 - 23050 2.35 
2C poly(PPGMA-0.20MPEGMA475) 0.125 0.75 0.792 - 0.208 - 0.300 - 36100 2.30 
3A poly(PPGMA-0.26PEGMA360) 0.990 0.75 0.742 0.750 0.258 0.243 0.305 0.312 13400 2.25 
3B poly(PPGMA-0.26PEGMA360) 0.249 0.75 0.742 - 0.258 - 0.305 - 25100 2.30 
 
a All the polymers above were prepared via the feed method. Polymers are named by the mole fraction of PEGMA in the copolymer, the PPGMA has an 
average Mn of 375 gmol-1, as measured by Aldrich, b weight percent AIBN initiator of total reactants, c Weight fraction of PPGMA used in copolymerisation, 
d Mole fraction of PPGMA and PEGMA in copolymer based on masses of macromonomer used, e Mole fraction of PPGMA and PEGMA in copolymer from 
1H NMR data, f The mole fraction of EO groups in the copolymer based on the masses of macromonomer used and the average chain length of  the 
macromonomers based on values from Aldrich, g The mole fraction of EO groups in the copolymer from 1H NMR data. 
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4.4.1 1H NMR 
The 1H NMR traces were analysed, and literature10, along with a database of peaks135, 
were used to identify which peaks denoted which groups. The compositions of the 
macromonomers was first identified and then the copolymers. The number of 
hydrogens in each group is taken into account as 1H NMR uses the change in spin of 
these hydrogens to determine the peaks, meaning more hydrogen atoms in the group 
the larger the area under the graph for each peak.  
 
4.4.2 Macromonomer Composition 
4.4.2.1 PPGMA375 
The number of repeat units for the PPGMA375 macromonomer supplied by Aldrich 
was calculated by comparing the size of the peaks c (the methyl side group of the 
PPG) and e (the methyl group of the methacrylate unit), from the spectra shown in 
Figure 4.1, since it is known there is only one methacrylate group per chain. The 
equation used for PPGMA375 is; 
 
yA
A
e
c   (4.13) 
 
Where Ac and Ae are the areas under the graph for the c and e protons. In this case  
y = 4.75 which approximates to a molecular mass of 365.5 gmol-1. This is close to 
Aldrich value of 375 gmol-1. 
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Figure 4.1. 1H NMR spectra of PPGMA375. 
 
4.4.2.2 PEGMA360 
The number of repeat units in each of the PEGMA360 supplied by Aldrich was 
calculated by comparing the size of peak b and peak c (the methyl group on the 
methacrylate unit), from the spectra shown in Figure 4.2, since it is know there is only 
one methacrylate group per chain. The equation used for PEGMA360 is; 
 
3
24  yA
A
c
b  (4.14) 
 
Where Ab and Ac are the areas under the graph for the b and c protons. In this case  
y = 6.71 which approximates to a molecular mass of 381.2 gmol-1. This is slightly 
larger than the Aldrich value of 360 gmol-1. 
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Figure 4.2. 1H NMR spectra of PEGMA360. 
 
4.4.2.3 PEGMA526 
The number of repeat units in PEGMA526 supplied by Aldrich was again calculated 
by comparing the size of peak b and peak c from the spectra shown in Figure 4.3. 
Equation 4.14 was used and y = 10.64 which approximates to a molecular mass of 
554.2 gmol-1. This is reasonably close to the Aldrich value of 526 gmol-1.  
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Figure 4.3. 1H NMR spectra of PEGMA526. 
 
4.4.2.4 MPEGMA475 
The number of repeat units in MPEGMA475 supplied by Aldrich was again calculated 
by comparing the size of peak b and peak c (as above) from the spectra shown in 
Figure 4.4. Equation 4.14 was used and y = 7.83 which approximates to a molecular 
mass of 444.5 gmol-1. This is similar to the Aldrich value of 475 gmol-1. 
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Figure 4.4. 1H NMR spectra of MPEGMA475. 
 
4.4.3 Poly(PPGMA-co-PEGMA) Copolymer Composition 
The copolymer composition was calculated using the ratio of methyl groups on the 
ethylene oxide and those on the propylene oxide, the calculated data are shown in 
Table 4.1. The copolymers below are named using a reference number and letter for 
ease of reference (Table 4.1). xPEGMA was calculated using Aldrich’s values and 
assumes the ratio of macromonomers added (WPPGMA) to be that of the final product. 
xPEGMA(NMR) was calculated from values given by NMR measurement. xEO was 
calculated using Aldrich’s values of the macromonomers molar masses. 
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4.4.3.1 Copolymer 1A 
The ratio of PPGMA and PEGMA was determined by comparing peak a and b (Figure 
4.5). Peak a is the methyl groups in the ethylene oxide units and the propylene oxide 
units. This excludes the groups closest to the methacrylate backbone, which have an 
altered spin. Peak b is the methyl side groups on the propylene oxide units. The 
spectra is shown in Figure 4.5a-c and Figure 4.6. The equation used for PEGMA526 
is; 
 
846.2
860.0 


 
 b
a
A
A
y
x  (4.15) 
 
yx
xxPEGMA   (4.16) 
 
Where Aa and Ab are the areas under the graph for the a and b protons. In the case of 
copolymer 1A, x = 0.235y which gives an xPEGMA (molar ratio of PEGMA) value of 
0.190. Copolymer 1C has an x = 0.323y which gives an xPEGMA value of 0.244. 
Copolymer 1E has an x = 0.624y which gives an xPEGMA value of 0.384 and in the case 
of copolymer 1F x = 0.235y which gives an xPEGMA value of 0.190. 
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Figure 4.5. 1H NMR spectra of the series 1 copolymers, where x is (a) copolymer 1A, 
(b) copolymer 1C, and (c) copolymer 1E. The peak labelled with * is the hydrogen end 
group on both side chains. 
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Figure 4.6. 1H NMR spectra of copolymer 1F. 
 
4.4.3.2 Copolymer 2A 
The ratio of PPGMA360 and PEGMA475 was determined by comparing peak a, peak 
c and b. Peak a is due to the methyl groups in the ethylene oxide units and the 
propylene oxide units. This excludes the groups closest to the methacrylate backbone, 
which have an altered spin. Peak c is due to the methyl group at the tail of the ethylene 
oxide group. Peak b is the methyl side groups on the propylene oxide units. The 
spectrum is shown in Figure 4.7. The equation used for copolymer 2A was; 
 
271.2
860.0 


 


b
ca
A
A
y
x  (4.17) 
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Where Aa, Ab and Ac are the areas under the graph for the a, b and c protons. In this 
case x = 0.251y which gives an xPEGMA value of 0.200. 
 
 
 
Figure 4.7. 1H NMR spectra of copolymer 2A. 
 
4.4.3.3 Copolymer 3A 
The ratio of PPGMA375 and PEGMA360 was determined by comparing peak a and b. 
Peak a is the methyl groups in the ethylene oxide units and the propylene oxide units. 
This excludes the groups closest to the methacrylate backbone, which have an altered 
spin. This is due to the charge density of the groups around it. Peak b is the methyl 
side groups on the propylene oxide units. This spectra is shown in Figure 4.8. The 
equation used for copolymer 3A was; 
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679.1
860.0 


 
 b
a
A
A
y
x  (4.18) 
 
Where Aa and Ab are the areas under the graph for the a and b protons. In this case  
x = 0.334y which gives an xPEGMA value of 0.243. 
 
 
Figure 4.8. 1H NMR spectra of copolymer 3A. 
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The resulting values for xPEGMA obtained by 1H NMR have a linear relationship with 
those calculated for the compositions used for synthesis. This is shown in Figure 4.9. 
xPEGMA(NMR) values are close to the expected ratio based on the mass of each 
macromonomer added (Table 4.1). This means that the feed was supplying 
comonomer at a rate that allows for polymerisation to occur uniformly, i.e. avoiding 
excessive component drift. However it is noted that at the lowest xPEGMA there is 
excess PEGMA. This is suggestive of preferential incorporation of that 
macromonomer under those conditions. 
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Figure 4.9. xPEGMA(NMR) against xPEGMA. Line and equation shows overall trend. 
Dashed line denotes xPEGMA= xPEGMA(NMR). 
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The effect of increasing xPEGMA on the molecular mass of the copolymer was 
investigated. In Figure 4.10 we can see that increasing xPEGMA for the series 1 
copolymers does not affect the molar mass. It can be seen that decreasing AIBN 
concentration during synthesis increases the molar mass (i.e. Polymer 1F). The 
decrease in AIBN preparation concentration showing an increase in molar mass is also 
as expected as less chains are initiated leaving more macromonomer and the chains are 
able to grow into longer chains.  
 
PD was also compared to xPEGMA, this is shown in Figure 4.11. The xPEGMA and AIBN 
preparation concentration appear to have little effect on PD. The PD values obtained 
may have come about due to the polymerisation not reaching completion and from not 
using a chain transfer agent in the feed method, rather than from preparation 
conditions. 
 
 
 
 119
0
5000
10000
15000
20000
25000
30000
35000
40000
0.15 0.2 0.25 0.3 0.35
XPEGMA
M
n /
gm
ol
-1
1A-D 1F 2A 2B 2C
y = 4174.6x + 14137
R2 = 0.9977
 
Figure 4.10. Comparison of xPEGMA (calculated from macromonomer mass) against 
molar mass for series 1 and series 2 copolymers. The numbers refer to copolymers 
(see Table 4.1). The trend shows 1A-D copolymers. 
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Figure 4.11. Comparison of polydispersity against xPEGMA for for series 1 and series 2 
copolymers. The numbers refer to copolymers (see Table 4.1). 
 
4.4.4 Properties of poly(PPGMA-co-PEGMA) copolymers 
4.4.4.1 Cloud points 
To compare copolymers prepared by the batch and feed method, Tclpt values were 
measured using UV/Visible spectroscopy for each. For these measurements the 
concentration was 1 wt.%., and the xEO values were varied. xEO was used as it allows 
for comparison throughout this series of copolymers and also with the Pluronics used 
in the previous chapter. The data are shown in Figure 4.12 and numerically in Table 
4.2. Data points from both methods had similar values and appeared to fit on the same 
overall line. Figure 4.12 shows the line of best fit for the copolymers prepared by the 
feed method. The EO mole fraction (xEO) was calculated from the average composition 
of the copolymers. The copolymers prepared show that increasing xEO increases the 
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Tclpt. This is due to the improved shielding of the hydrophobic PPO by the hydrophilic 
PEO. As the xEO concentration increases there are more hydrogen bonding sites for 
chain-water interaction. More energy is needed to break them before the micelles 
begin to aggregate, this increases the Tclpt6,10. The values are linear within an 
acceptable margin of error with the line of best fit intersecting most of the data points. 
The copolymer produced using the batch method has a higher Tclpt than the ones made 
using the feed method. This may be due to blocks of each macromonomer forming 
within the copolymer, rather than producing a random copolymer. Although this is not 
certain because the composition of the batch copolymer was not determined, it may 
instead contain a higher xEO. The PEO blocks could then arrange to maximise the 
shielding of the hydrophobic polypropylene chains form the aqueous solution and 
require a higher temperature in order to expose them. 
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Figure 4.12. Variation of Tclpt with xEO. 1 wt.%. solution concentration. The trend line 
includes all data. 
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Table 4.2. Table of copolymer solution properties 
NO. Identity  xEO Tclpt (1 wt.%.)/C a Tclpt (40 wt.%.)/C b η18.5 /Pa·s c ηmax /Pa·s d ηmax/η18.5 e Tmax /C f 
1A poly(PPGMA-0.19PEGMA526) 0.320 18.5 31.0 0.060 1.740 29.2 31.6 
1B poly(PPGMA-0.23PEGMA526) 0.375 19.8 36.6 0.085 0.862 10.2 37.9 
1C poly(PPGMA-0.28PEGMA526) 0.423 37.6 43.0 0.049 0.450 9.2 44.3 
1D poly(PPGMA-0.32PEGMA526) 0.486 42.6 48.5 0.058 0.296 5.1 49.1 
1E poly(PPGMA-0.37PEGMA526) 0.541 48.0 57.0 0.039 0.127 3.3 55.4 
1F poly(PPGMA-0.19PEGMA526) 0.320 18.5 31.3 0.262 3.452 13.2 30.2 
2A poly(PPGMA-0.20MPEGMA475) 0.300 22.1 33.2 0.009 0.027 3.0 34.8 
2B poly(PPGMA-0.20MPEGMA475) 0.300 22.2 33.3 0.079 0.696 8.8 37.2 
2C poly(PPGMA-0.20MPEGMA475) 0.300 22.2 33.1 0.099 0.892 9.0 36.9 
3A poly(PPGMA-0.26PEGMA360) 0.305 17.4 24.3 0.275 0.275 1.0 25.0 
3B poly(PPGMA-0.26PEGMA360) 0.305 17.4 24.2 0.772 0.772 1.0 23.6 
 
a All the Tclpt values were measured by UV-visible spectroscopy. Cloud point temperature of the copolymers in aqueous solution at 1 
wt.%., b Cloud point temperature of the copolymers in aqueous solution at 40 wt.%., c Viscosity measured using 29 wt.%. copolymer at 
18.5 °C, d Maximum measured viscosity using 29 wt.%. copolymer, e Ratio of viscosity increase, f Temperature at which the maximum 
viscosity was recorded. The shear rate used for the measurements was 5 s-1.
Tclpt was measured at 1 and 40 wt.%. solution concentration to investigate the effect of 
concentration upon them. In Figure 4.13 it can be seen that the copolymer solutions 
cloud at a higher temperature at 40 wt.%. compared to 1 wt.%. This is shown 
numerically in Table 4.2. Normally it would be expected that increasing the 
copolymer concentration decreases Tclpt, but in the case of PEO/PPO containing 
copolymers this doesn’t appear to occur. This is because at high concentration the 
copolymer chains cloud at very low temperatures5, i.e. approximately 0 °C. As the 
temperature rises they form clusters where the PEO gets solubilised and the solution 
clears5. At 12 °C (the lowest temperature tested) there is no discernable turbidity, as 
the temperature increases further the clusters gain enough energy to break apart 
allowing micelles to form and the solution undergoes a second Tclpt, which is what was 
measured98,136. This Tclpt is higher than expected because of the energy requirement to 
break the clusters before micelles can form. 
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Figure 4.13. Variation of Tclpt with xEO. The data was measured using 1 and 40 wt.%. 
copolymer solutions. 
 
The cloud points of copolymers 1A-E, 2A, 3A and the Pluronics L62 and P85 from 
the previous chapter were investigated and compared. Figure 4.14 shows that 3A has 
the lowest cloud point, with 1A showing a moderate cloud point, and 2A clouding at 
the highest temperature. It also shows that Pluronics have a higher cloud point than the 
poly(PPGMA375-PEGMA) copolymers made using the feed method. The data also 
show a similar cloud point to the batch produced 2A copolymer, which gives 
confidence to the earlier suggestion that the batch method may produce block 
copolymers. The lower Tclpt for the poly(PPGMA375-PEGMA) copolymers is 
probably due to the highly hydrophobic methacrylate backbone. 
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The Tclpt for copolymers compared by xEO (Figure 4.14) have a similar linearity as Tclpt 
and xPEGMA (Figure 4.15). Except that the proportion of EO in each of the PEGMA 
macromonomers differs. Copolymer 3A has less EO units per PEGMA chain. It 
therefore must contain more PEGMA chains to make up the same EO proportion. This 
causes it to fall below the line of fit. 
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Figure 4.14. Variation of Tclpt with xEO. Comparing the poly(PPGMA-xPEGMAy) 
series with the Pluronic series from chapter 3. 
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Figure 4.15. Variation of Tclpt with xPEGMA. The solutions contained 1 wt.%. 
concentration of copolymer. 
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4.4.5 Dynamic rheology 
G’ (Storage modulus) and tan δ (ratio of the loss modulus to storage modulus) of a 29 
wt.%. solution of 1A was measured at 10 rads-1 over the temperature range 0-50 °C. 
The data can be seen in Figure 4.16, it is seen that although G’ increases with 
temperature, tan δ does not fall below 1.0 and no gel is formed. A tan δ value below 
1.0 means the storage modulus (G’) is greater than the loss modulus (G”) and a gel is 
formed. Due to no gelation occurring static rheology was used for the rest of the 
investigation in the physical properties of the copolymer. The data shown are 
representative of a number of copolymers investigated. All the copolymers showed the 
same type of behaviour (i.e. tan δ  > 1). It can also be noted that the G’ values are very 
low and not conducive to gel formation.  
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Figure 4.16. G’ and tan δ against temperature at 10 rads-1, for 29 wt.%. solution 
concentration. The copolymer investigated was 1A. 
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4.4.6 Static rheology 
It was decided to investigate the viscosity of the solutions using static rheology. The 
viscosity of a 29 wt.%. solution of 1A was measured against shear rate at different 
temperatures on the Brookfield viscometer. The data can be seen in Figure 4.17. It can 
be seen that (a) at low shear rates as temperature increases, the viscosity increases and 
that (b) as shear rate increases the viscosity decreases. Above 35 °C the viscosity 
begins to decrease more rapidly. This is due to the polymer aggregating and 
precipitating out of solution. To determine whether this polymer solution is shear 
thinning, Newtonian or shear thickening the following equation was used137; 
 
1

 A  (4.19) 
 
Where η is the viscosity and   is the shear rate, A is a constant and the value υ 
describes the type of fluid. υ < 1 shows a shear thinning fluid, n = 1 shows a 
Newtonian fluid and υ > 1 shows a shear thickening fluid. Rearranging for υ in the 
form y = mx + c we get; 
 
 (4.20) 
 
The logarithm of the viscosity was taken and plotted against the logarithm of the shear 
rate (Figure 4.18) to get the gradient (υ-1), which was then plotted against 
temperature. This is shown in Figure 4.19. The polymer solution is Newtonian at 
temperatures below Tclpt and shear thinning above Tclpt. This implies flocculation and 
aggregation occurs at Tclpt. 
)log()log()1()log( A 
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Figure 4.17. Viscosity against shear rate for 1A. Measured at 29 wt.%. 
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Figure 4.18. Log viscosity against log shear rate for 1A. Measured at 29 wt.%. Trend 
lines show (a) 19 across the full range, (b) 35 and (c) 39 below 11 s-1 shear. 
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Figure 4.19. Values of υ against temperature for 1A, line shows Newtonian fluid. 
 
Static rheology of 29 wt.%. aqueous solutions was used to compare the viscosity of  
copolymer solutions, produced using the feed method, over a range of temperatures (at 
constant shear rate). The data are shown in Figure 4.20. Copolymer 2A showed the 
least viscosity, followed by the 3A and then 1A. From Figure 4.22 it can be seen the 
highest viscosity occurs just above the cloud point of the polymer, after which it 
begins to precipitate out of solution and then melt producing a two phase system 
consisting of an aqueous phase and a liquid polymer phase. The precipitation and 
melting causes the viscosity to decrease.  
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Figure 4.20. Viscosity as a function of temperature for copolymers made using 
PEGMA of differing chain length. The PPGMA used was 375 gmol-1. Arrows depict 
the Tclpt for each polymer. 
 
Decreasing the hydrophobicity of the polymer by increasing the concentration of 
PEGMA during synthesis improves the chance of forming a gel138-140, due to the 
increased affinity with the aqueous solution57,77,109. As the solution is heated, the 
micelles collapse and aggregate. The polymer at the interface between these 
aggregated micelles and the aqueous solution cannot collapse further into the micelle 
and are forced to remain hydrated. The micelles move closer to form associative cross 
links due to hydroscopic pressure5. These polymer chains artificially dehydrate each 
other to decrease their free energy. Copolymer 1A showed the highest viscosity of the 
three copolymers (Table 4.1). The reasons why this is the case is unclear. To this end 
polymers were synthesised using PEGMA526 at differing xEO. In Figure 4.21 and 
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further in Figure 4.22 it can be seen that a higher xEO gives lower viscosity peaks at 
higher temperatures. This is equal to the cloud point of the mixtures as seen in Figure 
4.23, showing that thermoassociative cross-linking occurs with micelle aggregation. 
Above the cloud point the polymer precipitated into a two phase system rather than 
forming a space filling gel. This occurred for all the preparations, and can be seen as 
the decreasing in gradient after the peak. 
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Figure 4.21. Viscosity of poly(PPGMA-xPEGMA526)  produced using varying xEO 
(stated in legend). 
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Figure 4.22. Maximum viscosity (η(max)) against xEO. The line shows trend and fit. 
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Figure 4.23. Visc(max), the temperature maximum viscosity occurs against Tclpt. Line 
shows trend and fit. 
 
In an attempt to get a stronger association, the chain length of the polymer was 
increased by decreasing the initiator concentration during preparation from 0.990 
wt.%. (copolymers 1A, 2A and 3A) to 0.249 wt.%. (copolymer 1F, 2B and 3B) and 
0.125 wt.%. (copolymer 2C). In Figure 4.24 the viscosity of 1A and 1F as a function 
of temperature was investigated. It can be seen that the decrease in AIBN did not 
effect the cloud point significantly, but the viscosity at 29 wt.%. more than doubled 
from 0.27 Pa·s to 0.77 Pa·s. This is due to the much longer chains produced by using 
less AIBN which allows for greater interactions per chain. Decreasing the wt.%. of 
AIBN was further tested using copolymers 2A-C, 3A and 3B in Figure 4.25. Both 2A 
and 3A show a small viscosity at 0.990 wt.%. AIBN, which allowed for a clearer 
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comparison of viscosity increase. It can be seen in Figure 4.25 that decreasing the 
AIBN concentration (i.e. increasing Mn) increases the maximum viscosity of the 
copolymer solution. This is due to the longer chain being able to produce more 
associative cross-links per chain. The copolymer still precipitated out of solution, the 
mixture clears and a second transparent phase formed above the cloud point as it did 
for the lower Mn copolymer made with standard AIBN. For both 1F and 2B the 
increase in viscosity did not equate to gelation. 
 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
0 5 10 15 20 25 30 35 40
Temperature (°C)
Vi
sc
os
ity
 (P
a.
s)
3A 3B
 
Figure 4.24. Effect of altering the AIBN used for polymerisation on viscosity of 3A 
and 3B. (See Table 4.1 for composition) 
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Figure 4.25. Effect of Mn on the maximum viscosity. The Mn values were controlled 
using AIBN concentration. The lines are a guide to the eye. (See Table 4.1 for 
compositions) 
 
To test the minimum concentration at which thermothickening141 can be observed in 
the polymer solutions, a range of concentrations were investigate (Figure 4.26). It can 
be seen that the concentration does not effect the position of ηmax. ηmax and ηmax/ η18.5 
for each of these were then compared. It can also be seen in Figure 4.27 that below 10 
wt.%. the thermothickening effect is barely observable. Its can also be seen that the 
viscosity increases with a power law manner of the concentration of the copolymer. 
Low concentration of polymer means that they are statistically less likely to come into 
contact with each other. They are also less able to interact strongly across the entire 
solution. This equates to a lower viscosity for the solution. 
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Figure 4.26. Viscosity of 1F at various weight percent. 
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Figure 4.27. Comparison of 1F concentration with ηmax and the ratio of viscosity 
increase ηmax/ η18.5. Line shows trend and fit. 
 
Krieger-Dougherty analysis allows a relationship between the viscosity of the 
polymer, the medium, and the particle fraction of the solid in dispersion to be 
calculated142,143. 
  m
mmed




 



  1   (4.21)  
 
Where ηmed is the medium viscosity (i.e. that of water), [η] is the intrinsic viscosity 
and ϕm is the maximum particle fraction of solid in dispersion. From this we can 
derive the following. 
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From this it can be seen that ηmax vs concentration data (Figure 4.27) are generally 
consistent with the Krieger-Dougherty equation. 
 
4.4.7 Thermally responsive PCL dispersions 
Freeze dried particles of 2-5 μm PCL (measured using a Coulter Sizer) were 
redispersed at 20 wt.%. with copolymer 2A prepared using the batch method (supplied 
by Nottingham University). Its concentration was 10 wt.%. The dispersion seemed 
capable of supporting its own weight at 38 °C when tested using tube inversion. 
Although when tested using dynamic rheology the dispersion showed no gelation, and 
when heated above 60 °C the PCL particles melted and coalesced into a thin sheet. 
The copolymers synthesised using the feed method were also tested, but they gave no 
gel formation either. 
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It can be seen that the poly(PEGMA-co-PPGMA) copolymers did not form a gel 
under the concentration and temperature conditions tested. The increase in η was small 
showing it failed to form an effective network structure. Looking at the general 
structure of the copolymer (Figure 4.28) and looking at the average chain length of the 
PEGMA and PPGMA side chains from 1H NMR, the PPGMA375 has 5.75 repeat 
units and the longest PEGMA (PEGMA526) has 11.64 repeat units. If we assume that 
the copolymer was polymerised with the order of PEGMA and PPGMA being 
completely random and we further assume the surface conformation is a fully 
extended brush, then PEGMA is about twice the length of the PPGMA. This leaves 
only a small amount of interactions that can form (i.e. the PEGMA units shield the 
PPGMA unit effectively). That is if we further consider that the surface conformation 
is more likely to be a more collapsed mushroom due to the increasing hydrophobicity 
of the PEGMA with increasing temperature. Then there is very little exposed polymer 
PPGMA to interact. If a block copolymer with well controlled PEGMA block lengths 
was used instead of a random one the PEGMA chains would have been able to loop 
out away from the surface and give a better chance of interaction. Additionally the 
polymer backbone doesn’t contain any ionic groups which would assist in forming a 
space filling network. It can therefore be seen that a new polymer design is required. 
In the next chapter a PNIPAm copolymer is used to address this problem. 
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Figure 4.28. Representative diagram of the poly(PEGMA-PPGMA) copolymer  
 
4.5 Conclusions 
The work described in this chapter has shown that the composition of the 
poly(PPGMA-PEGMA) copolymers was close to the composition calculated by 
weight. This shows that the feed method prevented compositional drift. When the 
composition was changed by substituting PEGMA macromonomers in the 
polymerisation, it was seen that Tclpt was linear with xEO for these polymers. These 
Tclpt values were compared to Pluronic. It was seen that the Pluronics have a higher 
Tclpt than the copolymers at the same xEO. Increasing the concentration to 40 wt.%. 
caused Tclpt to increase. 
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The copolymer solutions were investigated using rheology. No gelation occurred and 
it was seen that the solutions were either Newtonian or viscous shear-thinning fluids. 
Copolymer 1A showed the highest viscosity of the copolymers tested. Testing the 
effect of xEO on the viscosity of the solutions, it was seen that a low xEO values gave 
the highest viscosity. Decreasing the concentration of AIBN during the polymerisation 
increased the chain length of the copolymer and viscosity increased. Copolymer 1F 
was also found to have a viscosity that increased exponentially with concentration. 
Particles were added to the system at 20 wt.%., but this did not yield a gel. The 
polymer didn’t gel because the PEGMA chains too effective at shielding the PPGMA 
units. 
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5 Colloidal stability of PLGA nanoparticle dispersions 
containing adsorbed MIx-PNIPAm copolymers and their 
thermoresponsive gelation behaviour 
 
Abstract 
In this chapter the properties and thermoresponsive gelation of poly(D,L-lactide-co- 
glycolide) (PLGA) dispersions were investigated. The dispersions were prepared by 
interfacial deposition in aqueous solution containing a poly(N-isopropyl acrylamide) 
(PNIPAm) graft co-polymer. The latter was produced using a macro-initiator of 
quaternarized N,N-dimethylaminoethyl methacrylate (DMA+). The PNIPAm had a 
chain length of around 20kDa. The co-polymer of PDMA+-PNIPAm was also tested 
on its own for comparison. The copolymer solutions with and without PLGA 
nanoparticles were investigated for thermally triggered gelation in a water bath. These 
were compared to the same systems in the presence of pH 7.0 buffer. The buffer 
allowed the copolymer to gel at a lower concentration. The copolymer coated PLGA 
particles were characterized using SEM, photon correlation spectroscopy, UV-visible 
spectroscopy and electrophoretic mobility measurements. Using UV-visible 
spectroscopy and elctrophoretic mobility it was shown that the coated PLGA particles 
are sterically stabilised at room temperature. Using copolymers containing differing 
ratios of DMA+ to PNIPAm, it was found that the iep of the copolymer increased as 
DMA+ concentration decreased in the copolymer. It was also shown that the gelation 
temperature can be tuned by controlling the dispersion composition. SEM of the 
dehydrated gel showed high porosity and interconnectivity of elongated pores which 
would allow nutrients to move through the gel. The gels were flexible and had a 
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critical yield stain of 100%. The gel was investigated using two-dimensional cell 
culture and showed that it was capable of supporting viable bovine nucleus pulposus 
cells. The cells remained viable for 3 days. Although the safety of PNIPAm as an in 
vivo solution has not been verified by the FDA, this general family of coated PLGA 
dispersions may have a longer term application as an injectable cell delivery and 
support system. 
 
5.1 Introduction 
PLGA has been used in the body as biodegradable foams144-146 drug delivery systems 
and as the base of cell scaffolds and has been approved by the FDA for these uses. Its 
structure allows for hydrolysis to break it down into lactic and glycolic acid which is 
found naturally in the body and in approved quantities can be filtered by the liver 
without adverse effect147. As a cell scaffold this allows for the cells to proliferate and 
fill the entire area leave no trace of a scaffold. As a drug delivery system it allows 
timed release of potentially toxic drugs into targeted areas, this is very important in 
terms of cancer treatment as it reduces the risk of systemic problems caused by the 
treatment148. PLGA on its own cannot spontaneously configure into a scaffold, 
meaning it requires implantation in the form that it will be acting. This requires 
surgery which increases risk to a patient. PLGA is often used in conjunction with 
other materials which imply a specific property to the system.  
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PNIPAm (Poly(N-isopropylacrylamide)) is known to have temperature dependant 
properties, Heskins et al8 first showed this very clearly in their 1968 paper where they 
looked at the thermally properties of PNIPAm in two ways. Firstly they visually 
measured the cloud point of the solutions and secondly they used a heat centrifuge and 
freeze drying to separate the phases produced at specific temperatures. These phases 
were then analysed using DSC. This allowed for the heat of phase separation to be 
measured and therefore determine the effect of entropy on the physical properties of 
the solution. Through this it is shown that the PNIPAm chains form non-polar 
hydrogen bonds with each other due to their incompatibility with water. 
 
PNIPAm has been used to functionalise a surface so that it may act as a filter. 
PNIPAm coated surfaces can also be used as a sensor, anti-fouling surface or for drug 
delivery which can be switched with temperature149.  When grafted onto laponite it 
becomes capable of capturing polymer particles94. The use of a PDMA+ (Poly(2-(N,N 
dimethylamino) ethylmethacrylate)) backbone improves the attachment of the 
PNIPAm to the surface16 as the backbone is hydrophilic and the PNIPAm is 
hydrophobic and the amphiphilic nature of polymers have been used previously to 
form gel networks141. 
 
Tissue scaffolds act to support the cells implanted into them by being non-toxic, 
containing porosity to allow space for cell proliferation and having a high level of 
interconnectivity in the pores to allow nutrients access to all the cells and for cell made 
toxins to be removed31,40. For correct cell morphology cell scaffolds are also designed 
to have similar structural properties to the cells that will fill them119 and often 
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designed to degrade over time to allow for the whole space to be filled by functional 
cells. 
 
The problem with most tissue scaffolds is that they are rigid structures which cannot 
be introduced into the body in a minimally-invasive technique. Most require minor 
surgery. Some in the case of bone scaffolds require highly invasive methods of 
implantation and immunosupressors to stop inflammation and rejection. What is 
needed is a scaffold which can be introduced via a syringe and quickly forms a 
structure autonomously by the effects of the local environment. pH, electrolyte and 
temperature are known for the body. Chapter 3 showed that thermoresponsive 
aggregation at physiological conditions can be achieved using a Pluronic copolymer150 
(BASF). However, aggregation did not give the space filling gel required to be usable 
as a cell scaffold. This was probably related to the Pluronic copolymer not being 
capable of forming a gel in its own right at low polymer concentrations. In this chapter 
we will concentrate on using temperature to control the gelation of the PDMA+-
PNIPAm copolymer and then add PLGA nanoparticles to form a space filling 
scaffold. See Scheme 5.1. We will then add cells to show that an injectable scaffold of 
this type maybe viable. 
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Scheme 5.1. Preparation of cationic graft copolymer using a macroinitiator (MI) and 
its use to prepare thermogelling PLGA dispersions. 
 
5.2 Aims 
The aims of this chapter were to; (a) produce a thermoresponsive PNIPAm-DMA+ gel 
that contained dispersed PLGA particles. (b) To examine the properties of this 
particulate gel and (c) determine cell viability using a live/dead assay. From this last 
aim the feasibility of developing a cell delivery system which can be injected into the 
body to minimise the need for surgery and will form a scaffold autonomously will be 
assessed. 
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5.3 Experimental 
5.3.1 Materials  
The PLGA used in this work contained a 75:25 mol ratio of lactide to glycolide units 
and was a gift from AstraZeneca UK. GPC analysis gave Mn 3140 g mol-1 and a 
polydispersity of 3.0. NIPAm (97%) and the 2-(N,N dimethylamino) 
ethylmethacrylate (DMA, 98%) were obtained from Aldrich and were purified by 
crystallization from hexane and stored at -20 °C. N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA; 99%) and CuBr (99.99%), were bought 
from Aldrich and used as received. Water used was of Milli-Q quality. The DMA 
macroinitiator (MI) was synthesised by Dr Ruixue Liu16 according to Chen et al’s 
method151. Full details of the MI synthesis are given in her paper16. 
 
5.3.2 Synthesis of cationic PNIPAm graft copolymer 
The Mix-PNIPAm copolymers were synthesised by Dr Liu using aqueous ATRP. 
CuBr/PMDETA (1:2) was added to 0.25 ml H2O in a 100 ml two neck flask, and 
NIPAm (6% w/v) was added to H2O in a 250 ml flask. These were degassed under 
Argon. The ratio of macroinitiator to NIPAm was 1.0, 1.9 or 3.0 to 1.0 to make MI1, 
MI2 or MI3-PNIPAm20k respectively, this can be seen in Table 5-1. The solutions 
were polymerized for at least 40 mins. The reaction was then stopped by the addition 
of acetone. The solution was then concentrated using rotary evaporation and was 
dialysed to remove CuBr, PMDETA and remaining unreacted monomers. The 
polymer was then isolated by freeze drying. 
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Table 5.1. Composition and properties of the PNIPAm copolymers6a. 
Abbreviation Composition16 x/y Mn /g mol-1 Tclpt /°C b 
MI1-PNIPAm20k PDMA+23-g-(PNIPAm195)23 1.0 515,000 29.4 
MI2-PNIPAm20k  PDMA+30-g-(PNIPAm210)14  1.9 348,000 29.0 
MI3-PNIPAm20k PDMA+37-g-(PNIPAm195)12  3.0 280,000 29.5 
a The data shown in this table are from Dr Liu paper16 b The Tclpt temperature taken at 
the onset of turbidity. Measured at standard concentration of 0.00625 wt.% in buffer. 
 
5.3.3 Synthesis of PLGA dispersion 
The dispersions were prepared using the method of Dunn et al.97 PLGA was dissolved 
in 5.0 mL acetone to give a 1.56 wt.% dispersion in the final aqueous solution, and 10 
mL of H2O was measured into a vial. The acetone and water were cooled to ca. 0 °C in 
an ice-water bath. The acetone solution was then added dropwise at a uniform rate into 
the aqueous phase while stirring. The resulting dispersion was rotary evaporated to 
remove the acetone. The final dispersion of PLGA particles in aqueous solution was 
used without further purification. 
 
5.3.4 Physical measurements. 
The determination of the cloud point temperature (Tclpt) of the copolymer solutions 
was conducted with a Hitachi U-1800 spectrophotometer using a wavelength of 400 
nm and thermostatic control. SEM measurements were obtained using a Philips 
FEGSEM instrument. Particle size measurements were conducted using a BI-9000 
Brookhaven light scattering apparatus (Brookhaven Instrument Cooperation), fitted 
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with a 20 mW He-Ne and the detector was set at a 90° scattering angle. 
Electrophoretic mobility measurements were performed using Zetasizer Nano ZS 
(Malvern Instrument Ltd.). The zeta potentials were calculated using the 
Smoluchowski equation.25 A pH 7.0 phosphate buffer was used for the dispersion 
medium during these measurements. For the PCS and mobility measurements the 
dispersions were extensively diluted. Consequently, the viscosity of the continuous 
phase was equivalent to that of water. Dispersion stability was assessed using 
turbidity-wavelength measurements.76 The turbidity (τ) was measured using UV-
visible spectroscopy over the wavelength (λ) range 400-700 nm. The gradient of the 
log(τ) versus log(λ) plot, i.e., -d log(τ)/d log(λ), is very sensitive to aggregation and its 
magnitude decreases significantly when aggregation occurs6,76,152. Dynamic rheology 
was performed using an AR-G2 temperature-controlled rheometer (TA Instruments) 
with an environmental chamber. A 20 mm diameter plate geometery with a solvent 
trap was used. The gap was 1000 nm. A frequency range of 0.5 30 rad s-1 was 
employed. The strain was 1.0% unless otherwise stated. 
 
5.3.5 Cell Viability 
Cell viability was investigated using a Live/Dead® viability kit (Molecular Probes, 
Inc.) according to the manufacturer’s instructions. Bovine NP2 (nucleus pulposus) 
cells were cultured using standard procedures and used for the study. All the gels were 
produced and used under sterile conditions. The collagen was prepared using solutions 
purchased from Arthro Kinetics PLC according to their instructions. All the test 
mixtures were pipetted into four 24 well plates (one for each time period) and each 
plate contained two of each mixture. The mixtures were then allowed to gel in the 
incubator. The stock cell culture was diluted so that approximately 105 cells were 
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added to each gel and 1 ml of cell culture media was added on top of the cells. The 
plates were left in the incubator for up to 72 hours. At selected time points the plates 
were removed and the gel viability tested by removing the media layer and staining 
the cells with red ethidium homodimer-1 and green calcien-AM dyes. All the cells 
absorb the green dye, whereas only dead or damaged cells absorb the red dye. The gels 
were imaged at 37 °C using a Leica MZ16FA stereo fluorescence microscope with 
images acquired through Hammamatsu software and a C8484-05g014 camera. The 
filter sets employed were specific for the dyes used. The red and green images were 
superimposed in ImageJ to yield the final live/dead images. 
 
5.4 Results and Discussion 
5.4.1 Dilute dispersion behaviour 
The copolymer being used in this study is PDMA+-PNIPAm made using ATRP, by 
changing the ratio of the components the charge on the copolymer is altered and so too 
is the strength of interaction between chains. Three copolymers were studied MI1-
PNIPAm20k, MI2-PNIPAm20k and MI3-PNIPAm20k with a respective ratio of 1.0, 
1.9 and 3.0 PDMA+ to PNIPAm (shown in Table 5.1). 
 
Particles of PLGA were prepared using the interfacial deposition method98, in the 
presence of a pH 7.0 phosphate buffer of approximately 0.12 M ionic strength. The 
particles were sized using PCS and SEM. In Figure 5.1 and Figure 5.2 it can be seen 
that the average particle size is around 80 nm, but contains large particles of around 
245 nm. Figure 5.3 shows zeta potential and hydrodynamic diameter against 
concentration. In Figure 5.3b it can be seen that the average particle size for uncoated 
PLGA is around 206 nm. The difference between these measurements can be 
 153
attributed to the PCS being more sensitive to the scattering of the larger particles and 
showing an average which is based upon the z-average diameter rather than the 
number average (shown in Figure 5.1). The z-average size can be calculated using the 
following equation153. 
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i ii
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dn
dn
d 2
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  (5.1) 
 
Where ni is the number of particles and di is the size of each of those particles. Using 
Equation 5.1 a value of 172 nm was calculated, this value is reasonably close to the 
diameter measured by PCS. 
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Figure 5.1. SEM images of the PLGA nanoparticles at two different magnifications. 
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Figure 5.2. Particle size distribution determined by (a) number average, and (b) 
volume average. 
 
The bimodal distribution seen in Figure 5.1 is due to the interfacial deposition method 
in which PLGA in acetone is added dropwise to an aqueous solution with stirring98 
this produces instantaneous secondary droplets as the acetone diffuses out and the 
aqueous phase diffuses in to the primary droplet. The size of these secondary droplets 
is most likely attributed to the rate of diffusion. The bimodal distribution may be 
beneficial for the purpose of gel formation for injectable cell scaffolds as it gives both 
a strong gel and high porosity, as it gives a better packing arrangement with the larger 
particles making up the structure and the smaller particle filling the interstitial space28. 
Where SEM allows for a number-average diameter to be measured, PCS measures 
particle size based on a z-average (Figure 5.2). Using a z-average the average diameter 
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is skewed towards the larger particles as they make up a higher percentage of the total 
particle volume of the dispersion.  
 
 
Figure 5.3. (a) Zeta potential and (b) hydrodynamic diameter against the 
concentration of copolymer in a dispersion of 0.195 wt.% PLGA.  
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 157
From Figure 5.3a it can be seen the zeta potential of the bare PLGA nanoparticles is 
around -63 mV, originating from the RCOO- groups due to hydrolysis of the PLGA,  
this agrees with previous measurements of PLGA particles, shown in chapter 3, 
showing that stability is due mostly to electrostatic repulsion. This value is similar to 
PMMA which has a zeta potential around -71mV154. 
 
To determine the concentration of copolymer at which the surface charge of the PLGA 
is no longer detectable a study in to the zeta potential of the coated particles was 
carried out. These measurements were carried out to probe the electrostatic 
interactions present. The data indirectly gives information about the surface charge. 
The data is shown in Figure 5.3a. The isoelectric point (IEP)25 for each copolymer was 
measured. From these results we can see that the tendency for limited aggregation at 
25 °C increases in the order of MI3-PNIPAm<MI1-PNIPAM<MI2-PNIPAm. It is 
assumed that at the iep the PLGA particle is fully coated. For the remainder of this 
study the concentration ratio of Mix-PNIPAm to PLGA will exceed those shown to 
fully coat the surface. 
 
It can be seen from the zeta potential measurements that the charge on the surface does 
not become significantly positive with increasing concentration, but the dispersion 
shows only limited aggregate from PCS, as the particle size does not increase 
significantly, showing that the copolymer coated particles exhibit steric stabilisation. 
This is shown more clearly in Figure. 5.4 using –dlog (τ) / dlog (λ) against 
concentration for the coated particles at room temperature. Where τ is the optical 
density and λ the wavelength. It can be seen that –dlog (τ) / dlog (λ) does not change 
with concentration. This shows that increasing concentration of copolymer does not 
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affect the stability of the dispersions at room temperature, and that the steric 
stabilisation given by the copolymer coating acts to stabilise the dispersions. 
 
The particle dispersion is stabilised electrostatically when not coated and sterically 
when coated. As the pH decreases the uncoated particles approach their iep losing 
their electrostatic stability and aggregate, this is seen as flocculation. The coated 
particles also become unstable, showing visual flocculation and sedimentation. This 
may be due to the positively charged copolymer groups and the negatively charged 
RCOO- groups on the PLGA as they degrade interacting to form large aggregates. In 
buffered solution this pH change requires a greater quantity of PLGA to break down 
before the pH is effective at destabilising the particles.  
 
When copolymer is added to the PLGA nanoparticles the measured particle size 
increases with concentration, this is seen in Figure 5.3b. The size for the MI3-
PNIPAm20k copolymer coated particles could be attributed to the layer thickness of 
the copolymer coating, as MI3-PNIPAm20k has a molar mass of 280,000 gmol-1 as 
shown in Table 1, but the sizes seen for the MI1-PNIPAm and MI2-PNIPAm coated 
particles are too large for this to be the case. This large particle size implies 
aggregation, but this is not detected by –dlog (τ) / dlog (λ) (Figure 5.4). The particles 
existed as a free-flowing dispersion and were readily injectable through narrow gauge 
syringe needles. 
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Figure 5.4. Plot of –dlog (τ) / dlog (λ) against concentration of MIx-PNIPAm20k. The 
graph shows the trend line. 
 
The copolymer exhibits thermoresponsive behaviour and at low concentrations the 
solution increases in turbidity, in Figure 5.5a it can be seen that MI2-PNIPAm20k 
shows increased turbidity at the lowest temperature. When PLGA is in dispersion with 
the copolymer thermally-triggered aggregation was seen by eye. This was analysed 
using UV-Visible spectroscopy and can be seen in Figure 5.5b. The copolymers have 
very similar Tclpt temperature measured at the onset of turbidity at around 29-29.5 °C 
(Table 5.1). The presence of PLGA does not effect this onset temperature. The MI2-
PNIPAm20k has the lowest onset temperature of 29 °C. To further probe the onset of 
aggregation a plot of -dlog(τ) / dlog(λ) against temperature is shown in Figure 5.6. The 
drop in -dlog(τ) / dlog(λ) shows the decrease in stability of the dispersion. It can be 
seen that the onset of aggregation is close to the Tclpt for the copolymer. This is a 
similar observation to that in chapter 3. 
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Figure 5.5. Comparison of the turbidity against temperature for (a) solutions 
containing 0.00625 wt.% MIx-PNIPAm, and (b) dispersions containing 0.00625 wt.% 
MIx-PNIPAm and a 0.0244 wt.% PLGA particles. Measured at pH 7.0 in buffered 
solution. Arrows show the Tclpt for the solutions at 1 wt.%. 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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The addition of electrolyte decreases the Tclpt of the copolymers, as the concentration 
of electrolyte increases the Tclpt decreases. This is due to competitive dehydration of 
the polymer chains increasing their hydrophobicity and making the formation of 
micelles more thermodynamically favourable57,155. This information is important as 
the copolymer dispersion is intended to be used in vivo, where the electrolyte strength 
is 0.15M. It was also found that without the addition of electrolyte MI2-PNIPAm20k 
flocculated at room temperature. 
 
The thermoresponsive aggregation at elevated temperatures (Figure 5.6) shows that 
the steric stabilisation is caused by the absorbed polymer and that this stabilisation is 
lost above Tclpt. This occurred at pH 7.0 at body electrolyte concentrations, which 
suggests that a copolymer coated PLGA dispersion of this design could be effective as 
an injectable cell scaffold. Using the onset from Figure 5.5 it can be seen that Tclpt is 
29.0 or 29.5 °C, for the respective copolymers. Using the change in gradient from 
Figure 5.6 it can be seen the CFT is about 30 °C for all the copolymers. The fact that 
Tclpt temperatures for the copolymer solutions and, CFT of the copolymer containing 
PLGA dispersions are similar, for each respective copolymer, shows that the 
thermoresponsive properties of the copolymer are not affected being adsorbed to the 
PLGA particles. This further implies that the CFT could be tuned by control of Tclpt of 
the copolymer through structural design. 
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Figure 5.6. Comparison of –dlog(τ)/dlog(λ) against temperature for copolymer coated 
systems containing 0.00625 wt.% MIx-PNIPAm and 0.0244 wt.% PLGA in pH 7.0 
buffer solution of 0.12M ionic strength.  
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5.4.2 Thermally-triggered Gelation 
By increasing the concentration of copolymer and PLGA in the dispersion, it is 
possible to obtain thermoresponsive gelation rather than just aggregation of the 
particles. The concentration of copolymer alone and in a 1 wt.% PLGA dispersion 
using a pH buffered solution was investigated using tube inversion. For these 
measurements Tgel corresponds to the elasticity of the gels becoming sufficient to 
support their own weight. This was done to determine the minimum concentration of 
copolymer at which a gel forms and the effect of copolymer concentration on the 
gelation temperature of dispersion. In Figure 5.7a it can be seen that a dispersion of 
PLGA/MI1-PNIPAm20k was able to form a weak gel at a lower concentration than 
the other copolymers (0.5 wt.%.) and showed the lowest Tgel of the three. When 
compared to the MI1-PNIPAm20k copolymer solution, it is seen that the PLGA 
behaves as an interactive filler137, lowering Tgel (Figure 5.7b). It should be noted that 
there is a range of compositions that a gel can only exist for MI1-PNIPAm20k when 
particles are present, this area of the phase diagram has been shaded. It is also seen 
that these thermally-triggered gels form at very low total solids content compared to 
those in the previous chapter. A gel formed using PLGA(1.0 wt.%.)/PNIPAm20k(0.5 
wt.%.) contains 98.5 vol.% water. Suggesting a highly porous gel structure, which 
could be advantageous for nutrient flow. 
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Figure 5.7. Gelation phase diagrams for (a) PLGA (1 %) dispersions containing added 
MIx-PNIPAm (x = 1, 2 or 3) and (b) PLGA (1%) / MI1-PNIPAm and pure MI1-
PNIPAm solution. The shaded region in (b) shows the temperature and composition 
ranges of the PLGA(1%) / MI1-PNIPAm gel for which PLGA particles are essential 
for gel formation. 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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A study was carried out to measure the effect of increasing the concentration of 
electrolyte on the gelation temperature of the MI2-PNIPAm20k copolymer at 2 wt.%, 
this is shown in Figure 5.8. It can be seen that increasing the electrolyte concentration 
decreased the gelation temperature (Tgel) of the copolymer. The electrolyte interacts 
with the water molecules to remain dissolved, this decreases the hydration of the 
PNIPAm chain, this is known as competitive dehydration. This effectively increases 
the hydrophobicity of the  copolymer chains and lowers Tgel4. 
 
29.0
29.5
30.0
30.5
31.0
31.5
32.0
0 0.02 0.04 0.06 0.08 0.1 0.12
Concentration NaNO3 /M
Tg
el
 /°
C
 
Figure 5.8. The effect of increasing electrolyte concentration on the gelation 
temperature of 2 wt.% MI2-PNIPAm copolymer solution in a buffered solution. 
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This thermally-triggered method of gel formation may be used to fill small gaps or 
tears in soft tissue, as it can be injected as a liquid and will form a gel spontaneously. 
This is an improvement over having to cut a gel to fit the space that requires filling. 
This form of gel would be most useful in the field of tissue engineering where the 
tissue is similar strength to the gel and the body exists at a constant temperature which 
will keep the gel maintained. The use of PLGA particles should make this gel able to 
break down over time to allow for cells to spread through the space and eventually fill 
the area. 
 
5.4.3 Variable temperature rheology study 
MI2-PNIPAm20k was chosen for rheological study as it appeared to form the 
strongest gels from tube inversion. To determine the maximum strain the gel could 
withstand without breaking a study into strain at an angular frequency of 10 rad s-1 and 
37 °C was carried out. The data can be seen in Figure 5.9. It can be seen that G’ for 3 
wt.%. MI2-PNIPAm remains around 50-60 Pa up to 50% strain it then begins to 
weaken. Above 200% strain the G’ value has dropped to around 10 Pa. After applying 
this strain the gel was irreversibly damaged. However cooling mixing and re-gelling 
returned the gel to full strength. A strain of 1 % was chosen for further investigations 
as it ensures little damage to the gel and repeatable results. Cardiac tissue repair 
require gels to withstand strains of up to 20%156. Particle gels tend to be more brittle 
than macromolecular gels71 and strains of less than 1% are common, remarkably this 
is not the case for PLGA(1 wt.%.)/MI2-PNIPAm20k(3 wt.%.) gels which show a 
maximum strain (γ*) of 160%. When compared to PLGA(1 wt.%.)/MI2-
PNIPAm20k(1 wt.%.) which had a γ* value of 100% it can be seen the both the 
copolymer and the particles cooperatively increase γ* and promote flexibility. Figure 
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5.9 shows evidence that unlike conventional particle gels PLGA/MI2-PNIPAm20k 
can withstand significant strain without breaking. This is a potential advantage for 
long term application of this general class of material in the body. Figure 5.9a shows 
evidence of strain hardening. This requires the presence of PLGA and is strongest in 
dispersions containing the highest proportions of PLGA. Strain-hardening has been 
observed for poly(acrylic acid)-b-polystyrene star copolymers157. These copolymers 
bear a structural resemblance to the MIx-PNIPAm copolymers above their LCST. 
However MIx-PNIPAm copolymers require PLGA particles for strain-hardening to 
occur. Rheology of the PLGA dispersions (not containing copolymer) was performed, 
but the signals were not distinguishable from the background electrolyte.  
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Figure 5.9. Variation of G’ and tan with strain for a PLGA(1 %) / MI2-
PNIPAm(3%) gel at 37 oC compared to a pure copolymer solution. Data for 
PLGA(1%) / MI2-PNIPAm(1%) are also shown for comparison. The data were 
measured at 10 rad/s. 
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Variable temperature rheological measurements were also conducted. PLGA(1 
wt.%.)/MI2-PNIPAm(2 wt.%.) showed that gelation occurring at 30 °C and at 50 °C 
G’ had increased to about 50 Pa (Figure 5.10a). This value was compared to 
preparations where the concentrations of either the copolymer or PLGA were 
increased. From these results it can be seen that increasing either the PLGA (Figure 
5.10c) or copolymer concentration (Figure 5.10e) increases gel strength with 
copolymer concentration having the greatest effect on gel strength. The addition of 1 
wt.%. PLGA to the 2 wt.%. MI2-PNIPAm shows an increase of 400% going from 5 to 
38 Pa at 42 °C. The effect of the presence of PLGA can be seen more clearly in Figure 
5.11 where at 10 rads-1 at 50 °C the copolymer without PLGA had a G’ of around 3 Pa 
compared to around 60 for the PLGA containing a PLGA dispersion. 
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Figure 5.10. Variable-temperature G’ (upper) and tan δ (lower) dynamic rheology data for PLGA/MIx-PNIPAm dispersions. The effect of copolymer type is shown in (a) 
and (b) for PLGA(1 wt.%.)/MIx-PNIPAm(2 wt.%.) dispersions. The effect of PLGA concentration is shown in (c) and (d) where data for PLGA/MI2-PNIPAm(2 wt.%.) 
are shown. The effect of MI2-PNIPAm concentration is shown in (e) and (f) where data for PLGA(1 wt.%.)/MI2-PNIPAm are shown. Data for PLGA(1.6 wt.%.)/MI2-
PNIPAm(3 wt.%.) are also shown (open triangles). All of the data were obtained at an oscillation frequency of 10 rads-1. 
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Figure 5.11. a) Comparison of G’ against angular frequency and b) Comparison of tan 
δ against angular frequency for 2 wt.% MI2-PNIPAm20k with and without PLGA (1 
wt.% when present) at specific temperatures. 
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Scanning electron micrographs were taken of the gel produced using MI2-
PNIPAm20k at 3 wt.%. and PLGA at 1.56wt%. The gel was dried onto a stub using a 
vacuum oven at 39 °C. In Figure 5.12 it can be seen that there is a high proportion of 
pores (100-500nm3) which when the gel was hydrated was filled with water and makes 
up a large proportion of the gel (95%). From the SEM images it can be suggested that 
the pores are likely to be highly interconnected. This would allow for nutrients to 
move through the gel in the case of a tissue scaffold. The images show the gel in a 
dehydrated state, when the gel is hydrated it will be swollen and the pores will be 
considerably larger than seen in the image. 
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Figure 5.12. Scanning electron micrograph of a dried MI2-PNIPAm gel (3 wt.%, 
containing 1.56 wt% PLGA). (a) shows the collapsed surface structure, (b) the same 
sample at increased magnification. 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Preliminary cell viability studies were conducted using NP cells placed on top of the 
surface of the gels, i.e., two-dimensional cell culture. A live / dead assay was used to 
visualise the cells through fluorescence microscopy (Figure 5.13). Live and dead cells 
are green and red, respectively. The systems investigated were 3 wt.%. MI2-
PNIPAm/1.6 wt.%. PLGA (a) – (c), 3 wt.%. MI2-PNIPAm (d) – (f) and collagen (g) – 
(i). The latter was used as a control. The PLGA particles adsorbed the red dye and 
made visualisation of the cells difficult for the MI2-PNIPAm/PLGA gel (a) – (c). 
Nevertheless, viable cells were evident after 6 and 72 h. At both time periods the cells 
had proliferated. All of the cells were adherent and there was some evidence of 
spreading (Figure 5.13c). Importantly, a high proportion of cells remained viable in 
the pure MI2-PNIPAm polymer gels. Cell proliferation and spreading was clearly 
apparent after 72 h (Figure 5.13f). This suggests that MI2-PNIPAm has good 
biocompatibility. However, the data also show that compared to collagen the PLGA / 
MI2-PNIPAm and PNIPAm gels are not as preferred by the NP cells. Nevertheless, 
the data does prove the concept that these thermogelling systems can maintain cell 
growth. They provide proof-of-concept data for a new general class of injectable gel-
forming biodegradable dispersion which has potential long term potential use as a cell 
delivery system. Future work will be needed to explore three-dimensional injectable 
constructs. 
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Figure 5.13. Fluorescence stereomicroscopy images of stained bovine nucleus 
pulposus cells cultured on the surface of PLGA(1.6%)/MI2-PNIPAm(3%) ((a), (b) and 
(c)), pure MI2-PNIPAm(3%) ((d), (e) and (f)) and collagen ((g), (h) and (i)). Cells 
were fluorescently stained using live (green) and dead (red) dyes. The diffuse red 
colour shown in (a) to (c) is due to PLGA particles that have adsorbed the red staining 
dye. The images were recorded at ca. 37 oC. The culture periods for the cells are 
indicated. The shorter and longer scale bars represent 200 and 100 m, respectively. 
The images shown in (c), (f) and (i) were obtained at high magnification. The arrows 
show spreading nucleus pulposus cells. Images taken at 72 hours were obtained by Dr 
Ruixue Lui. 
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5.5 Conclusions 
Dilute dispersions of PLGA containing adsorbed MIx-PNIPAm copolymer were 
stabilised sterically as no aggregation occurred at room temperature. As the 
temperature increased the PLGA dispersion containing copolymer exhibited a CFT at 
the same temperature as the respective copolymer solutions. This shows that PLGA 
has no affect on the thermal properties of the copolymer. Adding electrolyte to the 
copolymer solutions decreased the Tclpt. MI2-PNIPAm20k showed the lowest Tclpt 
temperature at 29.0 °C. 
 
As the concentration of copolymer increased the solutions become capable of forming 
gels. In buffered dispersions PLGA significantly decreased the temperature required to 
form a gel as it forms part of the gel structure. For copolymer solutions MI2-
PNIPAm20k requires the lowest concentration to form a gel, but MI1-PNIPAm20k 
requires the lowest concentration when forming a gel with PLGA in dispersion. 
Increasing electrolyte to the buffered copolymer solutions decreased the gel point 
temperature.  
 
Buffering the solutions with pH 7.0 phosphate buffer at 0.12M ionic strength lowered 
the required concentration of copolymer by four times, for MI2-PNIPAm20k lowering 
the required concentration for gel formation from 4 wt. % to 1 wt. %. Unbuffered gels 
were also affected by the PLGA less, only lowering the gel point temperature on 
average by 0.1 °C. MI2-PNIPAm20k forms the strongest gel of the three copolymers 
tested. The strength of the gel can be further increased by increasing copolymer 
concentration and by increasing PLGA concentration. The particulate gels showed a 
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high proportion of porosity under SEM and the data suggested a high level of 
interconnectivity of the pores. 
 
We aimed to produce a biocompatible system which produced a gel at physiological 
temperatures, pH and ionic strength, and for the system to be injectable. This system 
fulfils these criteria, but is not a biocompatible polymer. A related non-NIPAm system 
similar to this could eventually be used to repair minor holes in several tissues. The 
ability of the PLGA to hydrolyse should allow for a scaffold which will break down 
and be resorbed leaving only health tissue in its place. 
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Conclusions and Future Work 
 
This thesis investigates several systems with the aim of producing a thermally gelling, 
biocompatible, injectable dispersion. 
 
Initially an investigation into Pluronics and their use as a coating system for PLGA 
nanoparticles was carried out. The Pluronics showed thermally triggered micellation 
and aggregation as an increase in turbidity, the onset of which is the Tclpt. The Tclpt was 
seen to be linearly related to the xEO of the Pluronic, and by using mixtures of 
Pluronics which change the average xEO, the Tclpt can be adjusted. During investigation 
into PLGA particle preparation it was seen that the size of the nanoparticles produced 
could be controlled by the preparation concentration of PLGA in the organic phase. It 
was also seen that although the PLGA/Pluronic system showed aggregation at CFT it 
did not form a gel. This may be due to the hydrophobic interactions between chains 
being screened by the hydrophilic ethylene oxide chains which surround the core. In 
addition to this the hydrophobic propylene oxide segment of the Pluronic is 
comparatively short compared to the ethylene oxide segments. 
 
A set of poly(PPGMA-PEGMA) copolymers were then synthesised and investigated. 
Through NMR it was seen that the composition measured and the calculated 
composition was very similar. This shows that the feed method used abided little 
compositional drift. By adjusting the PPGMA content xEO was controlled. The 
PPGMA/PEGMA copolymers showed a similar linear relationship between xEO and 
Tclpt as the Pluronic copolymers, but displayed a lower Tclpt at the same xEO values. 
When the copolymers were investigated using rheology it was seen that they did not 
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form a gel. The solutions were either Newtonian or viscous shear thinning fluids. 
Increasing the chain length by decreasing the initiator during synthesis increased the 
viscosity of the fluid but did not allow a gel to form. Addition of PLGA nanoparticles 
did not allow a gel to form either. This is because the PEGMA chains shield the 
collapsed PPGMA chains too efficiently as a random copolymer, and restrict the 
number of hydrophobic interactions that can form. 
 
Finally a set of PLGA/PDMA+-PNIPAm copolymer systems were investigated. These 
showed strong thermally triggered gelation at low concentrations (1 wt.%.), in 
buffered solution (0.12M, pH 7.0). When PLGA was added the concentration required 
to form a gel decreased to 0.5 wt.%, but did not affect Tgel. A MI2-PNIPAm(3 
wt.%.)/PLGA (1 wt.%.) gel showed that the system was capable of supporting cells 
for 72 hours in a two dimensional assay. PNIPAm formed a gel because the 
hydrophobic interactions between the chains are strong and the charged backbone 
allows for a brush formation on the particle surface. The PLGA also acts as an 
interactive filler lowering the Tgel and the minimum concentration of PNIPAm 
copolymer required to form a gel.  
 
It is also seen that the LCST of all the copolymers tested could be tuned, using 
concentration of copolymer and PLGA, mixtures of copolymers and control of the 
chain length, to give a Tgel or aggregation temperature of choice, within the confines 
of the glass transition and melting temperatures of the materials used respectively. 
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In figure 6.1 the structures of each polymer are shown. The Pluronic is a linear 
polymer with hydrophilic ends and a hydrophobic core, the poly(PPGMA-co-
PEGMA) is a random copolymer with hydrophilic and hydrophobic side chains, and 
the MIx-PNIPAm has a charged backbone with thermoresponsive PNIPAm branches. 
The charged backbone will associate with the particle surface. This allows the 
PNIPAm branches to reach into solution and form interactions with each other, as the 
hydrophilic amide is less able to shield the hydrophobic isopropyl chains.  
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Figure 6.1. Molecular structures of the polymers tested. 
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In terms of the aims of this project the final system showed thermally triggered 
gelation at physiological conditions (electrolyte strength, pH, temperature) and would 
be readily injectable though a narrow gauge syringe needle, and showed that it was 
capable of supporting cells. Unfortunately PNIPAm is not a biocompatible material 
and is not likely to be considered by the FDA to become one. Using the structure of 
the MIx-PNIPAm shown in figure 6.1 a copolymer could possibly be made using 
ethylene oxide in place of the hydrophilic amide. This would make the copolymer 
biocompatible, minimising the risk of cell death due to toxic by products during 
synthesis. Other alternatives could be to replace the NIPAm completely and use a 
PVA-PEO or PPO-PEO copolymer instead. 
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Appendix 1: Further data 
 
 
Figure A1.1. DSC trace of 75:25 PLGA. Heating (blue) and cooling (green) are 
shown.  
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Figure A1.2. DSC Trace of PCL. Heating (blue) and cooling (green) are shown. 
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Poly(D,L-lactide-co-glycolide) Dispersions Containing Pluronics: from
Particle Preparation to Temperature-Triggered Aggregation
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In this work the preparation mechanism, properties and temperature-triggered aggregation of poly(D,L-lactide-
co-glycolide) (PLGA) dispersions are investigated. The dispersions were prepared by interfacial deposition in aqueous
solution containing Pluronic L62 (EO6PO30EO6) or F127NF (EO101PO56EO101), where EO and PO are ethylene oxide
and propylene oxide, respectively. PLGA dispersions were also prepared in the absence of added Pluronic for comparison.
The PLGA particles were characterized using SEM, photon correlation spectroscopy and electrophoretic mobility
measurements. It was found that the hydrodynamic diameter (d) increased with PLGA concentration used in the
organic solvent phase (CPLGA(o)). The value for d was proportional to CPLGA(o)1/3. The value for d increased upon addition
of 0.04 M NaNO3 which demonstrated the importance of electrostatic interactions during particle formation.
Electrophoretic mobility measurements were conducted as a function of pH and the data used to estimate the Pluronic
layer thicknesses on the PLGA particles. The layer thickness was greatest for the PLGA particles prepared in the
presence of Pluronic F127NF. PLGA dispersions containing Pluronic L62 exhibited temperature-triggered aggregation
in the presence of 0.15 M NaNO3. It was found that the critical temperature for dispersion aggregation (Tcrit) was
comparable to the cloud point temperature (Tcp) for the parent Pluronic L62 solution. Conditions were established
for achieving temperature-triggered aggregation at body temperature for PLGA particle/Pluronic L62 dispersions
under physiological ionic strength and pH conditions. The PLGA/Pluronic L62 mixtures studied may have potential
for use as injectable biodegradable implants for controlled release applications.
Introduction
In this work the mechanism of formation, properties and
temperature-triggered aggregation of poly(D,L-lactide-co-gly-
colide) (PLGA) dispersions containing Pluronic L62
(EO6PO30EO6) or F127NF (EO101PO56EO101) are investigated.
EO and PO are ethylene oxide and propylene oxide, respectively.
Temperature-responsive copolymers based on poly(NIPAM) (N-
isopropylacrylamide) have been well studied.1–5 However,
NIPAM has shown evidence of neurotoxicity in mice6 which
could limit the potential application of poly(NIPAM) in man as
a biomaterial. Pluronics are better accepted and some composi-
tions show temperature-responsive behavior at temperatures close
to body temperature.7 PLGA dispersions containing nanometer
or micrometer-sized particles (microspheres) have received
considerable attention.8–11 The latter are used for controlled
release.12 Surprisingly, there have not been any studies published
in the open literature that have sought to combine nanometer-
sized PLGA particles and Pluronics to produce temperature-
responsive PLGA dispersions. A PLGA dispersion that is fully
biocompatible and exhibits triggered aggregation under physi-
ological conditions could offer significant potential for biomedical
applications in the context of an injectable vehicle for controlled
release of therapeutic agents. The aims of this study are to improve
the understanding of the particle formation mechanism and
establish conditions that could be used to give temperature-
triggered aggregation of PLGA dispersions under physiological
conditions. The present study focuses on PLGA/Pluronic mixtures
from the colloidal perspective and does not consider biological
testing.
PLGA microsphere dispersions are often prepared using the
solvent-evaporation technique.10 Fessi et al.9 were the first to
prepare PLGA dispersions containing nanometer-sized particles
using the interfacial deposition method. This method, which is
also known as nanoprecipitation, involves addition of a PLGA/
solvent solution to a water phase that may, or may not, contain
a stabilizing polymer.13 The stabilizer is not essential if the
particles have a significant zeta potential. Distinguishing features
of the interfacial deposition method are that the solvent (e.g.,
acetone) that contains the polymer (e.g., PLGA) is also miscible
with water whereas the polymer is not water-soluble. Diffusion
of the solvent into the water phase results in rapid particle
formation. Interfacial turbulence (convection driven by interfacial
tension gradients) is believed to occur as the solvent rapidly
diffuses into the water phase, taking dissolved polymer along
* To whom correspondence should be addressed. E-mail:
brian.saunders@manchester.ac.uk.
† The University of Manchester.
‡ The University of Nottingham.
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with it. This results in deposition of the polymer at the transient
acetone/water interface. The mechanistic details at the colloidal
length scale for the short time instant between the PLGA being
present as solvated coils to their incorporation in stabilized
nanometer sized particles has not been resolved. We could not
find any models in the literature that enable prediction of particle
size from formulation parameters. e.g., PLGA concentration.
We attempt to address the latter deficiency in the present study
and use this information in an effort to improve the mechanistic
understanding of particle formation.
The understanding of adsorption and conformation of Pluronics
at surfaces is well advanced.14–16 Pluronics exhibit temperature-
triggered micellization and aggregation in solution. The behavior
is dependent on the polymer composition and concentration.17
The cmc for Pluronics with structures similar to Pluronic L62
has been reported7 as 3 wt % at 30 °C. The cmc decreases
dramatically as the temperature increases. This is the result of
temperature-triggered dehydration of the PO groups which results
in the association of the copolymer monomers into micelles that
scatter light.7 Pluronics such as F127NF can form gels18 at
elevated temperature when the polymer concentration is more
than ca. 20 wt %.
There has been little published work to date on PLGA
dispersions containing Pluronics. Song et al.19 investigated PLGA
dispersions containing Pluronic F68 (EO75PO30EO75) and showed
that the solvent used during preparation affected the particle
size. A similar system was also investigated by Santander-Ortega
et al.20 They also investigated factors affecting dispersion stability.
Wang et al. are among the few groups to report work involving
temperature responsive behavior.21 They studied PLGA micro-
spheres dispersed in concentrated F127 solutions in the context
of drug release and reported that the Pluronic gel phase prevented
burst release of the drugs from the microspheres. In the present
work much lower Pluronic concentrations (less than 1 wt %) and
nanometer-sized PLGA particles are used. We use Pluronic L62
to achieve temperature-responsive behavior.
Experimental Section
Materials. The PLGA used in this work contained a 75:25 mol
ratio of lactide to glycolide units and was a gift from AstraZeneca
UK. GPC analysis gave Mn ) 3140 g mol-1 and a polydispersity
of 3.0. Pluronics L62 and F127NF were gifts from BASF. Their
nominal compositions (based on supplier information) and properties
are shown in Table 1. They were used as received. PVA (poly(vinyl
alcohol), Aldrich) had a molar mass range of 13-23 kg mol-1 and
was 98% hydrolyzed. Water was of Milli-Q quality.
PLGA Dispersion Preparation. The dispersions in this work
were prepared using the method of Dunn et al.8 PLGA was dissolved
in acetone at various concentrations to give a total solution volume
of 2.0 mL. The Pluronic copolymer was dissolved in water at a
concentration of 1.0 wt % (unless otherwise stated) to give a total
volume of 4.0 mL. For the preparation of bare PLGA particles no
Pluronic was used. The acetone and aqueous solutions were cooled
to ca. 0 °C in an ice-water bath. The acetone solution was then added
dropwise at a uniform rate into the aqueous phase while stirring. The
resulting dispersion was rotary evaporated to remove the acetone.
The final dispersion of PLGA particles in aqueous Pluronic solution
was used without further purification.
Physical Measurements. The determination of the cloud point
temperature (Tcp) of the copolymer solutions was conducted with
a Hitachi U-1800 spectrophotometer using a wavelength of 400 nm
and thermostatic control. GPC data for PLGA was obtained by
Smithers RAPRA (Shropshire, UK) using PLgel guard plus 2 x
mixed bead-B column and chloroform as solvent. SEM measurements
were obtained using a Philips FEGSEM instrument. Particle size
measurements were conducted using a BI-9000 Brookhaven light
scattering apparatus (Brookhaven Instrument Cooperation), fitted
with a 20 mW He-Ne and the detector was set at a 90° scattering
angle. Electrophoretic mobility measurements were performed using
Zetasizer Nano ZS (Malvern Instrument Ltd.). The zeta potentials
were calculated using the Smoluchowski equation.22 In some cases
(stated in the text) a NaOH/potassium hydrogen phthalate buffer
was used for the dispersion medium during these measurements.
For the PCS and mobility measurements the dispersions were
extensively diluted. Consequently, the viscosity of the continuous
phase was equivalent to that of water. Dispersion stability was
assessed using turbidity-wavelength measurements.23 The turbidity
(τ) was measured using UV-visible spectroscopy over the wave-
length (λ) range 400-700 nm. The gradient of the log(τ) versus
log(λ) plot, i.e., -d log(τ)/d log(λ), is very sensitive to aggregation
and its magnitude decreases significantly when aggregation occurs.24
Results and Discussion
PLGA Dispersion Characterization and Factors Affecting
Particle Size. Representative SEM micrographs for the PLGA
particles used in this study are shown in Figure 1. The particles
are spherical and have a high polydispersity (Table 2). The
coefficients of variation (CV) for the dispersions are in accord
with published micrographs for related dispersions prepared by
the interfacial deposition method.13 The number-average particle
sizes determined by SEM (dSEM) are consistent with the respective
hydrodynamic diameters (d). PLGA particles prepared in the
presence of L62 were unstable under the electron beam which
prevented good quality SEM images from being obtained.
However, the data from PCS measurements (Table 2) show
comparable d values to those obtained in the presence of Pluronic
F127NF. The size of the particles prepared in this study are
similar to those reported earlier by Dunn et al.8 The presence of
adsorbed Pluronic could not be unambiguously determined on
the basis of PCS measurements alone for our dispersions.
The zeta potentials () for the particles were also measured
(Table 2). The negative charge for the particles must originate
(14) Barnes, T. J.; Prestidge, C. A. Langmuir 2000, 16, 4116.
(15) Shar, J. A.; Obey, T. M.; Cosgrove, T. Colloids Surf., A 1998, 136, 21.
(16) Washington, C.; King, S. M. Langmuir 1997, 13, 4545.
(17) Desai, P. R.; Jain, N. J.; Sharma, R. K.; Bahadur, P. Colloids Surf. 2001,
178, 57.
(18) Sosnick, A.; Cohn, D. Biomaterials 2005, 26, 349.
(19) Song, K. C.; Lee, H. S.; Choung, I. Y.; Cho, K. I.; Ahn, Y.; Choi, E. J.
Colloids Surf., A 2006, 276, 162.
(20) Santander-Ortega, M. J.; Jodar-Reyes, A. B.; Csaba, N.; Bastos-Gonzalez,
D.; Ortega-Vinuesa, J. L. J. Colloid Interface Sci. 2006, 302, 522.
(21) Wang, Y.; Gao, J. Q.; Chen, H. L.; Zheng, C. H.; Liang, W. Q. Pharmazie
2006, 61, 367.
(22) Shaw,D.J. ,ColloidandSurfaceChemistry,4thed.;Butterworth-Heinemann:
Oxford, 1992.
(23) Long, J. A.; Osmond, D. W. J.; Vincent, B. J. Colloid Interface Sci. 1973,
42, 545.
(24) Daly, E.; Saunders, B. R. Langmuir 2000, 16, 5546.
Table 1. Properties of PEO-PPO-PEO Copolymers
Pluronic structure MTotala (g/mol) MPEO (g/mol) MPPO (g/mol) νEOb Tcp (°C)
L62 EO6PO30EO6 2270 530 1740 0.29 36.0c
F127NF EO101PO56EO101 12 140 8890 3250 0.78 >100
a Total molar mass of copolymer. b Mole fraction of EO groups present based on Pluronic composition. c Measured in water at a copolymer concentration
of 0.125 wt %.
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from RCOO- groups produced as a consequence of the
hydrolysis25 of PLGA. The presence of the large negative charges
for the bare and Pluronic L62 coated particles (as evidenced by
their  values) shows that electrostatic interactions contribute to
the stability of these dispersions. The  values for the Pluronic
F127NF coated particles are rather low (Table 2) indicating that
electrostatic interactions are not significant for that system.
The effect of PLGA concentration in the organic solvent phase
during dispersion preparation (CPLGA(o)) on the hydrodynamic
diameter (d) and the yield of dispersed particles was investigated
(Figure 2). Precipitation occurred at high CPLGA(o) values, which
is a feature of the interfacial deposition method.13 We confined
our study to the CPLGA(o) region that gave stable dispersions. It
can be seen from Figure 2 that d is an increasing function of
CPLGA(o). This general trend has been observed in related work
for methacrylic acid copolymer particles and a conceptual
explanation proposed.13 The increase in size with CPLGA(o) is
consistent with a greater flux of polymer chains meeting the
water phase as the acetone diffuses from the initial droplets.
However, a predictive model for particle size is needed.
A simple model is proposed in the following that relates d to
CPLGA(o). It is broadly related to the model proposed by Alargova
et al.26 for the preparation of fullerene dispersions by repre-
cipitation. Their reprecipitation method involved mixing of two
miscible nonaqueous cosolvents (toluene and acetonitrile); toluene
contained dissolved fullerene. They proposed that instantaneous
emulsion droplets formed upon mixing. Given the general
similarity of their method to interfacial deposition we applied
a related approach to the present system. Our model assumes
(25) Uhrich, K. E.; Cannizzaro, S. M.; Langer, R. S.; Shakesheff, K. M. Chem.
ReV. 1999, 99, 3181.
(26) Alargova, R. G.; Deguchi, S.; Tsujii, K. J. Am. Chem. Soc. 2001, 123,
10460.
Figure 1. Scanning electron micrographs for (a) bare PLGA particles and (b) PLGA particles prepared in the presence of Pluronic F127NF. The
insets show the particle size distributions for the individual particles measured from the SEM data.
Table 2. Properties of PLGA Particles and Dispersions Used in
This Studya
copolymer
dSEM (CV)b
(nm)
dc
(nm)
d
(mV) pHcrite
CCCf
(M)
none 114 (28) 131 (7) -70 (3) 3.4 (0.1) 0.06 (0.01)
L62 - 136 (7) -43 (3) 3.3 (0.1) 0.17 (0.01)
F127NF 118 (29) 143(7) -3 (3) noneg >0.60
a The numbers in brackets are the estimated error unless otherwise stated.
b dSEM is the number-average diameter from SEM. CV is coefficient of
variation. c Hydrodynamic diameter for PLGA particles prepared using
CPLGA(oil) ) 0.0078 g/mL. d Zeta potential measured in the presence of 10-3
M NaNO3 at a pH of 4.7. Particles prepared using CPLGA(oil) ) 0.0078 g/mL.
e Critical pH for coagulation. f Critical coagulation concentration measured
at pH 4.7. g Over the pH range of 0.6-6.5.
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that immediately after addition of a primary droplet of PLGA/
acetone solution (from the syringe needle) to the water phase it
immediately fragments to form much smaller, secondary, PLGA/
acetone droplets dispersed into the water phase. Interfacial
turbulence could contribute to this process. The transient
secondary droplets have a nominal average size, dsec. An emulsion
consists of an dispersion of two immiscible liquids27 and the
term instantaneous emulsion is not correct for our systems.
The rapid diffusion of the acetone solution and PLGA coils from
the secondary droplets into the water phase results in PLGA
deposition at the transient acetone/water interface and aggregation
of the deposited globules to form particles.
The following equation assumes that the mass of PLGA within
each secondary droplet is the same as the mass of PLGA within
the PLGA particle which is formed once the acetone has diffused
into the water phase. It is assumed that aggregation of secondary
droplets or their respective PLGA particles does not occur. It can
be shown that
d) dsec( CPLGA(o)PLGAFPLGA)1 ⁄ 3 (1)
where FPLGA is the density of PLGA, which is28 taken to be 1.26
g/mL. The volume fraction of PLGA in the particle is φPLGA.
Equation 1 predicts that d should be proportional to CPLGA(o)1/3.
Equation 1 was used to fit all of the data shown in Figure 2
using dsec as the adjustable fitting parameter. The value for φ
PLGA was set at 1.0. The good fit that is apparent supports, but
does not prove, that the model proposed above is correct for this
system. The treatment gave a value for dsec of 800 nm. Alargova
et al. calculated a diameter of 5,000 nm for their instantaneous
emulsion droplets produced during fullerene particle prepara-
tion.26 The average primary droplet volume during PLGA solution
addition in the present work was 0.018 mL. This implies that
each primary droplet produced ca. 7× 1010 secondary droplets.
Furthermore, this analysis implies that the total number of
secondary droplets produced is independent of CPLGA(o).
The effect of stabilizer type on d was investigated using PVA
(poly(vinyl alcohol)). A PVA concentration of 1.0 wt % in the
water phase and two different CPLGA(o) values were used for
nanoparticle preparation (See Figure 3). Although the d values
obtained are relatively low they could not be distinguished from
those obtained using the Pluronics or no added stabilizer (bare
particles). It follows that the nature of the stabilizing polymer
does not affect the particle size. In another test half of the total
Pluronic L62 was dissolved in the acetone phase prior to addition
to the water phase which contained the other half of PLGA (at
(27) Binks, B. P. Modern Aspects of Emulsion Science; Royal Society of
Chemistry: London, 1998.
(28) Vauthier, C.; Schmidt, C.; Couvreur, P. J. Nanopart. Res. 1999, 1, 411.
Figure 2. Variation of hydrodynamic diameter with initial PLGA
concentration present in the acetone solution used during preparation.
The dispersions precipitated at concentrations above CPLGA(o) ) 0.065
g/mL. The curve is a theoretical fit to the data and is discussed in the
text.
Figure 3. Effect of added salt (0.04 M NaNO3) or PVA on the
hydrodynamic diameter for PLGA particles. A datum point obtained
where half of Pluronic L62 was added to the acetone phase (L62mix)
is also shown. The straight line is the fit to the data shown in Figure
2. Only the experimental data for the bare particles from Figure 2 are
shown for clarity.
Figure 4. Zeta potential vs pH for bare and Pluronic coated PLGA
particles. These data were measured in the presence of 0.001 M NaNO3.
The inset shows data obtained in the presence of buffers with an ionic
strength of 0.12 M. The particles were prepared using CPLGA(o) ) 0.031
g/mL.
Figure 5. Effect of pH on -d log(τ)/d log(λ) for dispersions of bare and
Pluronic coated PLGA particles. The particles were prepared using
CPLGA(o) ) 0.0078 g/mL.
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0.5 wt %). The nominal Pluronic concentration in the water
phase after acetone removal was 1.0 wt %. The d value measured
(Figure 3) was not significantly different to that obtained for the
bare particles or using the normal method (all Pluronic initially
in water phase).
In order to investigate the role of electrostatic interactions
during particle formation the effect of added NaNO3 on d was
also investigated (Figure 3). The NaNO3 concentration used (0.04
M) is below the critical coagulation concentration for bare particles
(Table 2). For both CPLGA(o) values tested the d values greatly
increased. This is most pronounced for the bare particles and at
the higher CPLGA(o) value. The dispersions prepared in the presence
of F127NF remained colloidally stable at the higher CPLGA(o)
value; whereas, this was not the case for the bare particles. These
results suggest that electrostatic interactions are very important
in preventing aggregation of PLGA particles.
Taken together the simple model and experimental data
presented above suggest that for the present systems the particle
size is determined by CPLGA(o) and electrostatic repulsion. The
data are consistent with a mechanism whereby each primary
droplet rapidly fragments into secondary droplets. These droplets
rapidly exude acetone and PLGA to give PLGA particles. The
PLGA particle size that exists at the end of acetone removal is
dependent on CPLGA(o) provided there is sufficient electrostatic
repulsion to prevent interparticle aggregation. Added polymer
can assist with stabilizing the dispersion at the later stages of this
process; however, it is not necessary at the particle formation
stage and does not control particle size under our conditions.
This may be due to the time taken for the polymer to adsorb at
the PLGA/water interface being slow compared to that required
for particle formation. It follows that the nature of the stabilizing
polymer, used herein, does not affect the particle size.
Electrophoretic Mobility and Layer Thickness Estimation
for Pluronic Coated Particles. In order to probe the stabilization
mechanisms for the dispersions  data were obtained as a function
of pH (Figure 4). The data were obtained using two electrolyte
concentrations in the presence or absence of buffer. The  values
for the bare particles show a strong decrease in magnitude when
the pH decreases to below 4.0. An isoelectric point is present
at ca. pH of 1.3. These data are consistent with the pKa of 3.08
for lactic acid.29 It is also evident that addition of Pluronic L62
decreases the absolute magnitude of  but does not change the
pH-dependence. This is attributed to an outward shift of the
shear plane as a consequence of an adsorbed layer of nonionic
copolymer. The affect is most pronounced for the Pluronic
F127NF coated particles.
Barnes and Prestidge14 have shown how electrophoretic
mobility data can be used to estimate the adsorbed layer thickness
(δ) for Pluronics on siloxane droplets provided δ is not
significantly smaller than the double layer thickness (1/κ). The
same approach was adopted here and uses a simplified model
of the electrical double layer and the assumption that the surface
potential for bare or coated PLGA particles are the same. This
is a reasonable assumption because the nature of the stabilizing
polymer does not significantly change the final particle size
(above). The following general approach has also been used by
Santander-Ortega et al.30 to estimate δ values for Pluronic F68
(29) Atkins, P.; Jones, L. Chemistry: molecules, matter and change, 3rd ed.;
Freeman Publishing: New York, 1992.
(30) Santander-Ortega, M. J.; Csaba, N.; Alonso, M. J.; Ortega-Vinuesa, J. L.;
Bastos-Gonzalez, D. Colloids Surf., A 2007, 296, 132.
Figure 6. Effect of NaNO3 concentration on -d log(τ)/d log(λ). The
data were obtained at a pH of 4.7. The particles were prepared using
CPLGA(o) ) 0.031 g/mL.
Figure 7. Variation of the turbidity at 400 nm with temperature for
Pluronic L62 measured in the presence and absence of NaNO3. The
legend shows the Pluronic concentration (wt %) then NaNO3 concentra-
tion (M) if present. The arrows show the estimated Tcp values.
Figure 8. Variation of -d log(τ)/d log(λ) with temperature for PLGA
dispersions prepared using Pluronic L62. The concentration of Pluronic
(wt %) was (a) 0.125 or (b) 0.5 wt %. The NaNO3 concentrations used
are shown in the legend. The Tcp values for Pluronic L62 at 0.5 and 0.125
wt % were 29 and 36 °C, respectively (shown by arrows).
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on PLGA particles. The relevant equations were given by Barnes
and Prestidge.14 We give a rearranged combination of those
equations below which permits the δ values for coated particles
to be calculated from the zeta potentials of coated (2) and bare
(1) particles at the same pH.
δ)∆+ 1
κ
ln{tanh(ze14kT )tanh(ze24kT )} (2)
For the above equation z and e are, respectively, the charge
number and electron charge; while k and T have their usual
meaning. The parameters∆ and 1/κ are the shear plane thickness
for bare particles (ca. 0.4 nm14) and the double layer thickness,
respectively.
Equation 2 and the data shown in Figure 4 were used to estimate
δ values for the Pluronic coated PLGA particles using the
constraint that δ should not be significantly smaller than 1/κ. The
data for the bare and Pluronic F127NF coated particles measured
in the presence of 0.001 M NaNO3 (1/κ) 10 nm) and pH values
of 4.6 and ca. 7.7 gave an estimated δ value of 27 ( 2 nm. The
data for the bare and Pluronic L62 coated particles measured in
the of the buffer (1/κ ) 0.9 nm) gave an estimated δ value of
0.8 ( 0.2 nm. The layer thickness of ca. 1 nm for Pluronic L62
is reasonable compared to related data for this polymer adsorbed
onto polystyrene15 where a layer thickness of 1.4 nm was found.
Santander-Ortega et al.20 reported a 20 nm layer thickness for
Pluronic F68 (EO75PO30EO75) coated PLGA particles which is
structurally comparable to Pluronic F127NF. It can be shown
that the estimatedδ values are also less than the respective values
expected for each Pluronic if the EO chains were extended as
brushes at the PLGA particle surface.
The calculation for theδ value for Pluronic F127 NF described
above assumed a 1/κ value of 10 nm. The presence of additional
ions (cf. 0.001 M NaNO3) would decrease 1/κ and also the
calculated δ value. Therefore, the δ value of 27 ( 2 nm should
be regarded as a maximum value for that system.
Considering the analysis above and the data shown in Figure
4 it is clear that the bare PLGA dispersions are electrostatically
stablised. The PLGA particles prepared using Pluronic L62 have
modest steric stabilization and a major contribution from
electrostatic stabilization. Conversely, the PLGA particles
prepared using Pluronic F127NF are sterically stabilized, due to
the considerable differences in block lengths and consequent
adsorbed layer thickness differences between Pluronic L62 and
F127NF.
PLGA Dispersion Stability at Room Temperature: Effects
of Electrolyte and pH. The pH-dependent stability of the PLGA
dispersions was investigated using the turbidity-wavelength
method23 and the results are shown in Figure 5. The critical pH
for coagulation (pHcrit) was determined by graphical extrapolation
as the pH at which -d log(τ)/d log(λ) began to decrease. It can
be seen from Figure 5 (and Table 2) that the PLGA particles
coated with F127NF did not have a pHcrit value over the pH
range studied. This supports the view that the dispersion is
sterically stabilized. The pHcrit values for the dispersions
containing bare or Pluronic L62 coated particles are not
significantly different. This indicates that the contribution from
steric stabilization to dispersion stability from Pluronic L62 is
insufficient to provide stability without a significant electrostatic
contribution.
The effect of NaNO3 concentration on dispersion stability
was also studied at room temperature (Figure 6). (NaNO3 was
used here as an indifferent electrolyte.) Clear differences in the
stability for each of the dispersions are apparent. The CCCs
(critical coagulation concentrations) determined from the data
shown in Figure 6 increase in the order: CCCbare < CCCL62 <
CCCF127NF (see Table 2). The dispersion containing L62 coated
particles had a CCC of 0.17 M. This is greater than the electrolyte
concentration of the body (0.15 M) and is potentially useful in
the context of injectable dispersions for drug delivery.
Temperature-Triggered Aggregation of PLGA Dispersions
Containing Pluronic L62. The cloud point temperatures (Tcp)
for Pluronic L62 in aqueous solutions were determined using
variable-temperature turbidity measurements (Figure 7). In the
presence or absence of NaNO3 the τ values are an increasing
function of temperature above Tcp. Extrapolation of the data to
a τ value of zero gave a Tcp value of ca. 36.0 °C for a Pluronic
concentration of 0.125 wt % It can be seen from Figure 7 that
increasing the concentration of Pluronic L62 to 0.5 wt % decreased
the Tcp value to ca. 29.0 °C. These values for Tcp are consistent
with the reported phase diagram31 for Pluronic L62. The data
shown in Figure 7 are in contrast to Pluronic F127NF, which has
a Tcp of greater than 100 °C. This is due to the high mole fraction
of EO units (νEO) for that copolymer (Table 1).
The data from Figure 7 show that the Tcp values are not
significantly affected by the presence of 0.15 M NaNO3. However,
in the presence of 1.5 M NaNO3 the Tcp value is shifted to lower
temperatures (for 0.5 wt % L62) to give an extrapolated Tcp of
ca. 16 °C. This decrease in Tcp is attributed to competitive
hydration of the ions by water, which causes partial dehydration
of the copolymer chains. Equivalent behavior has been observed
for poly(NIPAM) dispersions elsewhere.24
(31) Desai, P. R.; Jain, N. J.; Bahadur, P. Colloids Surf. 2002, 197, 19.
Figure 9. Variation of -d log(τ)/d log(λ) with temperature for PLGA
dispersions under various conditions. Pluronic L62 was used during
particle preparation unless otherwise stated. The concentration of Pluronic
was 0.5 wt % and the NaNO3 concentrations used are shown in the
legends. The bare particles were investigated in the absence of added
NaNO3. The PBS concentration was 0.15 M.
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The temperature-responsive behavior of the PLGA dispersions
containing Pluronic L62 was investigated as a function of polymer
and NaNO3 concentration (Figure 8). In the absence of added
NaNO3 there is some evidence that the dispersions exhibit a
slight decrease in-d log(τ)/d log(λ) with increasing temperature.
This could be attributed to the temperature-triggered formation
of micelles by the Pluronic in solution. These dispersions remained
colloidally stable on visual inspection. Figure 8 also shows data
obtained in the presence of NaNO3. It can be seen that the values
for-d log(τ)/d log(λ) decrease markedly for these systems once
critical coagulation temperatures (Tcrit) are exceeded. Aggregation
was detected visually above Tcrit. The turbidity for a dispersion
is dependent on a number of factors including concentration,
particle size and relative refractive index.32 The experimental
data indicate that for these mixed PLGA particle/Pluronic
dispersions above Tcp the turbidity is dominated by PLGA particle
scattering.
It can be seen from Figure 8 that in the presence of 0.15 M
NaNO3 the Tcrit values for dispersions containing 0.125 and 0.5
wt % Pluronic L62 are approximately 28 and 41 °C, respectively.
The Tcp values for the L62 solutions were estimated from the
data shown in Figure 7 as 29 and 36 °C, respectively. Furthermore,
the data for the PLGA/Pluronic L62 dispersion in the presence
of 1.5 M NaNO3 (see Figure 8(b)) indicate Tcrit is less than 21
(32) Everett, D. H. Basic Principles of Colloid Science; Royal Society of
Chemistry: Cambridge, 1994.
Figure 10. Optical micrograph for PLGA/Pluronic L62 dispersion in (a) 0.15 M NaNO3 at pH 4.7 and (b) 0.15 M PBS at pH 7.4 after heating at
50 °C and subsequent cooling to room temperature.
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°C. It should be noted that the Tcp for the Pluronic L62 solution
was estimated as ca. 16 °C from Figure 7. Thus, for the PLGA/
Pluronic L62 dispersions the Tcrit values are close, within 5 °C,
to the Tcp values for the parent L62 solution. These results suggest
that most of the Pluronic L62 present in the PLGA/Pluronic
systems is not adsorbed onto the particle surface. This was tested
further by measuring the proportion of Pluronic L62 present in
solution in the presence of PLGA particles using the depletion
method. (The value for CPLGA(o) was 0.031 g/mL.) It was found
that 91% of the Pluronic remained in solution at room temperature,
which supports the above suggestion.
The data discussed above show that when electrostatic
interactions are effectively screened by NaNO3, Tcrit is comparable
to Tcp. This allows the suggestion that a temperature-triggered
loss of steric stabilization occurs above Tcrit, causing nanoparticle
aggregation in the presence of NaNO3 (0.15 M) and Pluronic
L62 micelles. However, the data do not prove that the aggregation
of Pluronic L62 in solution and that adsorbed to the PLGA
nanoparticles occur at the same temperature.
Several other PLGA dispersions were investigated in terms
of their temperature-dependent stability (Figure 9). The data for
the bare particles (in the absence of NaNO3) and also PLGA/
Pluronic F127NF mixtures (in the presence of 1.5 M NaNO3)
show good colloid stability over the entire temperature range.
The effect of post addition of Pluronic L62 to a dispersion of
bare PLGA particles was also investigated. (The bare particles
were dispersed in the Pluronic solution for ca. 12 h prior to these
measurements.) Interestingly, the Tcrit value increased to ca. 38
°C, i.e., an increase of ca. 10 °C compared to the equivalent
PLGA dispersion prepared using Pluronic L62. The origin of
this effect may be due to differences in interfacial structure and
will be the subject of a future study.
We also investigated whether it would be possible to achieve
temperature-triggered aggregation at physiological pH (7.4) and
temperature by using 0.15 M PBS (phosphate buffered saline).
The Tcrit value for this system (PLGA and 0.5% L62) is estimated
as 30 °C from the data shown in Figure 9(b). Furthermore, the
temperature-triggered aggregation was irreversible. Therefore,
using the approach described here it should be possible to produce
a dispersion composed of PLGA particles and Pluronic L62 at
physiological ionic strength and pH that would undergo tem-
perature-triggered aggregation at body temperature.
To gain further insight into the aggregation process PLGA/
Pluronic L62 dispersions in 0.15 M NaNO3 or PBS were heated
to 50 °C to trigger aggregation and then subsequently cooled to
room temperature. The heating temperature was greater than the
Tg for PLGA, which has been reported33 as ca. 40 °C. Micrometer
sized spherical particles were produced in both cases as a
consequence of this treatment. These are clearly seen in Figure
10(a). This interesting result helps to explain why the temperature-
triggered aggregation is irreversible for these systems. The
microspheres are produced as a result of triggered aggregation
and coalescence of the nanometer-sized particles above Tcrit.
They are simply too large to be sterically stabilized by the adsorbed
Pluronic L62 layer when the dispersion is cooled to room
temperature (below Tcp). It can be seen from Figure 10(b) that
aggregates of tens of micrometers in size are produced. These
results raise the potentially useful prospect of using temperature
to trigger formation of a macroscopic implant using an injectable
PLGA/Pluronic L62 dispersion.
Conclusion
In this work the particle formation and properties of PLGA/
Pluronic dispersions have been investigated. The interfacial
deposition mechanism for PLGA particle formation was inves-
tigated and it was found that the particle size can be predicted
from the concentration of PLGA used for preparation. The final
PLGA particle size is primarily controlled by electrostatic
interactions and is not significantly affected by the presence or
nature of the polymer stabilizer. It was shown that Pluronic L62
stabilized dispersions could be prepared that exhibited temper-
ature-triggered aggregation under physiological temperature, pH
and ionic strength. We suggest that the these systems have
potential application in vivo in the context of injectable dispersions
for controlled release. All of the components are biocompatible
and PLGA is also biodegradable.
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a b s t r a c t
In this study the properties of poly(D,L-lactide-co-glycolide) (PLGA) dispersions containing a thermore-
sponsive cationic copolymer were investigated. The PLGA dispersions were prepared by interfacial depo-
sition in aqueous solution and were rendered thermoresponsive by addition of a cationic poly(N-
isopropyl acrylamide) (PNIPAm) graft copolymer. The copolymers used had the general composition
PDMAþx -g-(PNIPAmn)y. DMA
+ is quarternarized N,N-dimethylaminoethyl methacrylate. The PDMAþx -g-
(PNIPAmn)y copolymers have x and y values that originate from the macroinitiator used for their prepa-
ration; values for n correspond to the PNIPAm arm length. The thermoresponsive dispersions were char-
acterised using photon correlation spectroscopy, turbidity measurements and electrophoretic mobility
measurements. A strong electrostatic attraction between the anionic PLGA particles and cationic copoly-
mer was present and the dispersions showed thermally-triggered gelation at total polymer volume frac-
tions as low as 0.015. These new PLGA gels, which formed at about 32 C, had elastic modulus values that
could be controlled using dispersion composition. Scanning electron micrographs of the gels showed high
porosity and interconnectivity of elongated pores. Remarkably, the gels were ﬂexible and had critical
yield strains as high as 160%. The ability of the gels to support growth of bovine nucleus pulposus cells
was investigated using two-dimensional cell culture. The cells proliferated and remained viable on the
gels after 3 days. The results suggest that this general family of biodegradable thermogelling PLGA disper-
sions, introduced here for the ﬁrst time, may have longer-term application as an injectable colloidal cell
delivery system.
 2009 Elsevier Inc. All rights reserved.
1. Introduction
Thermoresponsive dispersions can form gels when heated and
are attracting increased attention [1–5]. They are academically
interesting because of fundamental questions concerning the role
of interparticle forces and aggregation in network elasticity [4].
They are also of interest for potential application as minimally-
invasive, injectable, cell delivery systems [6]. Recently, it was
shown that micrometre-sized poly(lactic acid-co-glycolic) acid
(PLGA) particles could be rendered thermoresponsive by addition
of a thermoresponsive copolymer [6]. Those particle gels required
high particle PLGA concentrations (up to 60 wt.%) for thermally-
triggered gelation and were brittle. Here, a new general approach
for the preparation of thermogelling PLGA dispersions is presented.
The gels studied here are prepared using nanometre-sized PLGA
particles, a cationic thermoresponsive copolymer surfactant and
much lower PLGA concentrations. PLGA gels with low particle con-
centrations could offer improved starting conditions for injectable
colloidal cell delivery systems. In earlier work it was found that a
cationic poly(N-isopropylacrylamide) (PNIPAm) graft copolymer
was able to give thermally-triggered gel formation of anionic clay
dispersions at low particle concentrations [3]. A related approach
was used here with the aim of investigating a new class of thermo-
gelling PLGA dispersion that have potential longer-term applica-
tion as injectable cell delivery systems.
Although thermoresponsive polymers are well known [7–9],
and have been reviewed in detail elsewhere [10], there has been
much less work reported involving the use of thermoresponsive
polymer surfactants. Careful design of copolymer structure can
provide thermoresponsive polymer surfactants that confer trig-
gered gelation to emulsions [11], latexes [12] and inorganic
0021-9797/$ - see front matter  2009 Elsevier Inc. All rights reserved.
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particle dispersions [3]. Those studies complement related work
for thermogelling food colloids [4] and protein dispersions [5].
Compared to macromolecular gels, particle gels tend to be brittle
and exhibit structure breakdown at low strains [2]. The essential
step in formation of a space-ﬁlling particle gel is achieving the cor-
rect balance between phase separation on one hand and aggrega-
tion and gelation on the other [5]. In the present study we use a
cationic thermoresponsive copolymer and anionic particles for this
purpose.
PLGA is a well-established biodegradable biomaterial [13]. It
has been used in colloidal commercial biomedical devices, such
as Lupron depot [14]. Fessi et al. were the ﬁrst to prepare PLGA dis-
persions containing nanometre-sized particles using the interfacial
deposition method [15]. That method involves addition of a PLGA/
solvent solution to a water phase that may, or may not, contain a
stabilizing polymer [15–17]. The solvent (e.g., acetone) contains
the polymer (e.g., PLGA) and is miscible with water; whereas, the
polymer is not water-soluble. Diffusion of the solvent into the
water phase results in rapid particle formation. Interfacial turbu-
lence is believed to occur as the solvent rapidly diffuses into the
water phase, taking dissolved polymer along with it. This results
in deposition of the polymer at the transient acetone/water inter-
face. The particles prepared by this method tend to be polydisperse
[15,17]. Interfacial deposition is used in the present work to pre-
pare nanometre-sized PLGA particles.
The ability to render PLGA nanoparticle dispersions thermore-
sponsive requires a suitable polymer surfactant. Here, we use a
cationic PNIPAm graft copolymer [18] (see Scheme 1). The thermo-
responsive dispersions are formed simply by mixing mixtures of
PLGA and PDMAþx -g-(PNIPAmn)y. (DMA
+ is quarternarized N,N-
dimethylaminoethyl methacrylate) The copolymers have x and y
values that originate from the macroinitiator (MI) used for their
preparation; values for n correspond to the PNIPAm arm length.
The abbreviation of [18] MIx-PNIPAm is used for this copolymer
from this point onward. The symbol ‘‘x” signiﬁes that there are
approximately x positive charges per PNIPAm side chain. The num-
ber-average molar mass for each PNIPAm side chain used in the
present work [18] is ca. 20 kg mol1. Pure MIx-PNIPAm solutions
are thermogelling [19]. The MIx-PNIPAm copolymers are used here
to test the new concept of using a cationic thermoresponsive
copolymer to deliver an injectable gel-forming particle dispersion
that is biocompatible and biodegradable. The use of PNIPAm
copolymers within biomaterials is not, however, proposed here.
Rather, it is the use of the general thermoresponsive cationic graft
copolymer structure type that is tested.
The developing ﬁeld of regenerative medicine is reliant on new
materials that deliver cells to the point of need and support suit-
able starting conditions [20]. There is considerable need for biode-
gradable, injectable cell delivery systems for soft tissue repair
because they offer minimally-invasive alternatives to surgery.
The dispersions investigated here form gels at much lower particle
concentrations than previously investigated [6], show biocompati-
bility and are mechanically ﬂexible.
2. Experimental
2.1. Materials
A standard phosphate buffer solution [21] with a pH of 7.0 and
ionic strength of 0.12 M was used for all experiments presented
here except the preparation of the thermogelling dispersions for
SEM (Fig. 8) and cell viability studies (Fig. 9). For the latter, PBS
(phosphate buffered saline) supplied by Medicago was used
(pH = 7.4 and ionic strength of 0.15 M). The PLGA used contained
a 75:25 mol ratio of lactide to glycolide units and was a gift from
AstraZeneca UK. GPC analysis gave a Mn value of 3140 g mol1
and a polydispersity of 3.0. The synthesis and characterisation of
the MI (Scheme 1) and the PNIPAm copolymers used in this study
were described fully earlier [18]. Brieﬂy, MI is a statistical copoly-
mer [22], prepared by ATRP (atom transfer radical polymerisation)
and contains an average of 1, 2 or 3 positive charges per isobuty-
rate side chain [18] depending on the composition used during
synthesis. The MIx-PNIPAm copolymers (Scheme 1) were prepared
by aqueous ATRP using the respective MI. The copolymers were
shown previously [18] to have the compositions given in Table 1.
2.2. PLGA nanoparticle preparation
The PLGA dispersions were prepared using interfacial precipita-
tion [15,17,23] according to our previous method [17]. Brieﬂy, ace-
tone and water were cooled to ca. 0 C in an ice-water bath prior to
dispersion preparation. A suitable quantity of PLGA (e.g., 0.16 g)
was dissolved in 5.0 ml acetone. This solution was added dropwise
to 10 ml of aqueous solution (containing standard phosphate buf-
fer or PBS) over a period of about 5 min at a uniform rate whilst
stirring. The dispersion was then rotary evaporated to remove
the acetone. The aqueous PLGA dispersion (e.g., containing
1.6 wt.% PLGA) was then mixed with a suitable volume of concen-
trated aqueous MIx-PNIPAm solution (e.g., 3.2 wt.% MIx-PNIPAm in
standard buffer or PBS) to give the desired ﬁnal PLGA/MIx-PNIPAm
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Scheme 1. Preparation of cationic graft copolymer using a macroinitiator (MI) and its use to prepare thermogelling PLGA dispersions.
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composition. The composition of the dispersions are identiﬁed by
giving the wt.% of solid present in the water phase in brackets,
e.g., PLGA(1.0%)/MI2-PNIPAm(2%) contained 1.0 and 2.0 wt.% of
each component.
2.3. Physical measurements
The determination of the cloud point temperature (Tclpt) of the
copolymer solutions was conducted with a Hitachi U-1800 spec-
trophotometer using a wavelength of 400 nm and thermostatic
control. Particle aggregation was investigated by monitoring the
turbidity (s) and the magnitude of the wavelength exponent, n.
[24] This value was obtained from the gradient of the log(s) versus
log(k) plot (n = dlog(s)/dlog(k)). The turbidity was measured
using UV–visible spectroscopy over the wavelength (k) range
400–700 nm. The magnitude of n decreases signiﬁcantly when
aggregation occurs [24,25]. SEM was conducted using a Philips
FEGSEM instrument. Gel samples were dried onto an SEM speci-
men stub using a vacuum oven at 39 C. Photon correlation spec-
troscopy (PCS) measurements [26] were performed using a
Brookhaven BI-9000 light-scattering apparatus ﬁtted with a 20
mW HeNe laser. The detector was set at a 90 scattering angle. A
single exponential function was used to ﬁt the data presented here.
Electrophoretic mobility measurements were performed using
Zetasizer Nano ZS (Malvern Instrument Ltd.). Zeta potentials were
calculated using the von Smoluchowski equation [27]. Gelation
temperatures were determined using the tube inversion method.
The internal diameter of the tubes was ca. 17 mm. Dynamic rheol-
ogy measurements were performed using a TA instrument AR G2
temperature-controlled rheometer with an environmental cham-
ber. A 20 mm diameter plate geometry with a solvent trap was
used. The gap was 1000 nm. A frequency range of 0.5–30 rad s1
was employed. The strain employed was 1.0% unless otherwise
stated.
2.4. Cell viability
Cell viability was investigated using a Live/Dead viability kit
(Molecular Probes, Inc.) according to the manufacturer’s instruc-
tions. The cells used in this study were bovine nucleus pulposus
(NP) cells isolated from caudal intervertebral discs and cultured
using standard protocols. For all experiments sterile conditions
were used. Collagen gels (used as a control) were prepared from
solutions of rat type I collagen in acetic acid (Arthro Kinetics Plc),
which when mixed with a neutralising solution in cell culture
medium rapidly formed a gel. Gels were formed in 24-well plates,
with approximately 2 ml of gel in each well. Once formed, 105 cells
were seeded on the surface of all gels and cultured with 1 ml cell
culture medium for 72 h. At selected time points the media was re-
moved and the cells incubated for 30 min with 4 lM ethidium
homodimer-1 and 2 lM calcein-AM ﬂuorescent dyes in phosphate
buffered saline. As calcein-AM is cell membrane permeable all cells
stained green; whereas, ethidium homodimer-1 is cell membrane
impermeable and was only absorbed by dead or dying cells follow-
ing disruption of their membranes. The gels were imaged at 37 C
using a Leica MZ16FA stereo ﬂuorescence microscope with images
acquired through Hammamatsu software and a C8484–05g014
camera. The appropriate red or green ﬁlters were used to capture
the images. The red1 and green images were then superimposed
to yield the ﬁnal live/dead images.
3. Results and discussion
3.1. Dilute PLGA/MIx-PNIPAm dispersion properties
A representative SEM image of the as-made PLGA particles is
shown in Fig. 1. The number-average diameter was 87 nm. The
majority of the particles had sizes in the range 70–90 nm. As can
be seen from the particle size distribution (inset of Fig. 1) a minor
fraction of all the particles (ca. 0.05) had a larger size, of about
300 nm. We have found interfacial deposition of PLGA to give bio-
modal particle size distributions and even coagulation at high con-
centrations [17]. In the present work a balance was sought
between producing relatively high particle concentrations and
minimising coagulation.
The interactions between the dispersed PLGA particles and
added MIx-PNIPAmwere investigated using electrophoretic mobil-
ity and PCS measurements (Fig. 2). The double layer thickness
(j1) for the dispersions was ca. 9 nm. From Fig. 2a it can be seen
the zeta potential (f) of the bare PLGA nanoparticles was around
63 mV, which is attributed to RCOO groups formed by hydroly-
sis of PLGA [13]. Addition of MIx-PNIPAm to the PLGA dispersions
decreased the magnitudes of the zeta potentials. For PLGA particles
in the presence of MI1-PNIPAm or MI2-PNIPAm the isoelectric
point (iep) occurred at about 0.012 wt.% of added copolymer. It
was higher (ca. 0.017 wt.%) in the presence of MI3-PNIPAm. The
PLGA particles did not become positively charged at high polymer
concentration, which differs to the behaviour reported for linear
polyelectrolytes adsorbed onto polystyrene particles where over-
compensation occurred [28]. A reason for this is suggested later.
In the absence of added MIx-PNIPAm the hydrodynamic diam-
eter (dh) for the PLGA particles (Fig. 2b) was 200 nm. This is much
larger than the diameter obtained from SEM (87 nm). PCS calcu-
lates a z-average particle size. For comparison, the z-average parti-
cle size was calculated from the SEM particle size distribution
given in the inset of Fig. 1 using the following equation [29].
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Fig. 1. SEM micrograph of PLGA particles. The scale bar represents 500 nm. The
inset shows the particle size distributions.
Table 1
Characterisation data for MIx-PNIPAm copolymers.
Abbreviation Composition x/y Mn/g mol1 Tclpt/Ca
MI1-PNIPAm PDMAþ23-g-(PNIPAm195)23 1.0 515,000 29.4
MI2-PNIPAm PDMAþ30-g-(PNIPAm210)14 1.9 348,000 29.0
MI3-PNIPAm PDMAþ37-g-(PNIPAm195)12 3.0 280,000 29.5
a The cloud point temperature was taken at the onset of the turbidity increase.
1 For interpretation of color in Fig. 9, the reader is referred to the web version of
this article.
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Using Eq. (1) a value for dz of 172 nm was calculated. This value
is reasonably close to the dh value and supports the view that the
PCS data give meaningful average particle sizes in the dispersed
state. The PCS data are useful for probing subtle changes in disper-
sion stability upon addition of MIx-PNIPAm. The dh values for the
PLGA/MI3-PNIPAm system increased sharply at the iep
(0.017 wt.%) and were then constant. In contrast the PLGA/MI1-
PNIPAm and PLGA/MI2-PNIPAm mixtures showed continual in-
creases in dh beyond their iep values (ca. 0.012 wt.%). The relatively
large increases in dh values for the latter two dispersions imply
aggregation. However, it is important to note that the dispersions
did not show visual evidence of aggregation at room temperature.
They existed as free-ﬂowing liquids and were readily injectable
through narrow gauge syringe needles.
Turbidity-wavelength measurements were used to further
probe particle aggregation (Data shown in Fig. S1). A decrease in
the magnitude of n is indicative of pronounced aggregation
[24,25]. Importantly, the values for n were constant across the en-
tire MIx-PNIPAm concentration range probed in Fig. 2. Large-scale
PLGA aggregation did not occur for these systems at 25 C. On bal-
ance, the visual and light-scattering data (Fig. 2b and Fig. S1) point
to limited aggregation for these systems, i.e., the formation of small
aggregates at 25 C. The tendency for (limited) aggregate formation
at 25 C increased in the order MI3-PNIPAm <MI1-PNIPAm < MI2-
PNIPAm. It is assumed that coverage of the particles by the copoly-
mer occurred at the iep values. For the remainder of the study the
concentration ratios of MIx-PNIPAm to PLGA used exceeded those
required for the respective iep values (Fig. 2a).
The PNIPAm copolymers are thermoresponsive and the turbid-
ity of the pure solutions increased beyond the Tclpt value (see
Fig. 3a). (The Tclpt values shown in Table 1 were taken from the
onset of the thermally-triggered turbidity increase.) The Tclpt values
are about 4 C lower than those reported in an earlier study where
added buffer was not used [18]. For the data shown in Fig. 3 the
buffer had an ionic strength of about 0.12 M and this decreased
the Tclpt values due to electrostatic screening.
Visual observations for PLGA(0.0244%)/MIx-PNIPAm(0.00625%)
dispersions revealed substantial aggregation upon heating. This
was investigated in more detail using variable-temperature turbid-
ity measurements (Fig. 3b). Variable temperature turbidity-wave-
length analysis was also used for comparison (see Fig. S2). The
critical ﬂocculation temperature (CFT) was taken as the onset of
the increase in s (Fig. 3b) and decrease in the magnitude of n
(Fig. S2). Similar CFTs were the obtained using both turbidity and
turbidity-wavelength data analyses. The CFT was 29.0 C for
PLGA/MI2-PNIPAm20k. The CFTs for PLGA/MI1-PNIPAm20k and
PLGA/MI3-PNIPAm20k were both 30.0 C. The values are very close
to the Tclpt values for the parent copolymers (Table 1). These data
imply that LCST variation through structural modiﬁcation for these
thermoresponsive copolymers could be used to pre-programme
CFTs for the responsive PLGA dispersions.
The fact that each of these dispersions exhibit thermally-trig-
gered aggregation (Fig. 3b and Fig. S2) shows that any steric stabi-
lisation is removed at temperatures greater than Tclpt. Because this
occurred at pH = 7.0, at electrolyte concentrations similar to that in
the body, the data suggest that PLGA/MIx-PNIPAm dispersions
have potential application (in principle) as injectable cell delivery
systems. However, the dispersions would be required to form bio-
compatible gels when heated to body temperature. These aspects
are investigated below.
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Fig. 2. Zeta potential: (a) and hydrodynamic diameter (b) as a function of
concentration of added copolymer present for a dispersion containing 0.195 wt.%
PLGA nanoparticles. The lines are guides for the eye. The measurements were
conducted at 25 C.
(b) 
(a) 
0
50
100
150
200
250
25 30 35 40
Temperature / oC
τ 
/ m
-
1
MI1-PNIPAm
MI2-PNIPAm
MI3-PNIPAm
0
200
400
600
800
1000
1200
1400
1600
25 30 35 40
Temperature / oC
τ 
/ m
-
1
Fig. 3. Temperature dependence of turbidity for (a) MIx-PNIPAm solutions and (b)
PLGA(0.0244%)/MIx-PNIPAm(0.00625%) dispersions.
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3.2. Thermally-triggered gelation of concentrated PLGA/MIx-PNIPAm
dispersions
Concentrated PLGA/MI2-PNIPAm dispersions exhibited ther-
mally-triggered gelation as shown in Scheme 1. Dynamic rheology
was used to probe thermally-triggered gelation of PLGA(1%)/MI2-
PNIPAm(2%) dispersions. Frequency sweeps for G0 (elastic modu-
lus) and tan d (=G0 0/G0, where G0 0 is the loss modulus) at different
temperatures are shown in Fig. 4. Gels are indicated by tan d values
less than 1.0. Accordingly, the dispersion was a very weak gel at
room temperature. However, it was too weak to be detected by
tube inversion (later) and ﬂow occurred. It can be seen that the
G0 and tan d values increased and decreased, respectively, when
the temperature reached 33 C. The gradients for the G0 vs. x data
(Fig. 4a) also decreased signiﬁcantly at temperatures greater than
or equal to 33 C and obeyed the relationship G0 x0.1. This, cou-
pled with the relatively modest G0 values (and tan d < 1), indicates
soft gel behaviour. Soft gels are expected since the total polymer
volume fraction was only about 0.03 and the gel relied upon hydro-
phobic interactions. The PLGA particles are themselves soft and a
glass transition temperature in the vicinity of about 40 C is ex-
pected [30].
The effect of dispersion composition on the temperature-
dependence of G0 and tan d was also investigated (see Fig. 5). The
MIx-PNIPAm copolymers with the lowest charge density, MI1-PNI-
PAm and MI2-PNIPAm, gave the strongest PLGA/MIx-PNIPAm gels,
as judged by higher G0 and lower tan d values (Fig. 5a and b) at ele-
vated temperatures. In the case of PLGA/MI3-PNIPAm dispersions
(which have lower G0 values), stronger inter-segment electrostatic
repulsion may have reduced the number density of thermoassocia-
tive crosslinks that could form at temperatures greater than Tclpt.
It can also be seen from Fig. 5c and d that the presence of PLGA
results in a major improvement of the elastic behaviour of the gels,
as evidenced by the increase in G0 values and decrease in tan d. This
strongly implicates PLGA nanoparticles as cross linking centres
within the gels. These data are also important because they show
that a major decrease in gel elasticity could be expected if the PLGA
nanoparticles were to biodegrade. The value for G0 at 39 C is 40 Pa
for PLGA(1%)/MI2-PNIPAm(2%) gel compared to 4 Pa for MI2-PNI-
PAm(2%). This indicates a possible application for these materials.
If the dispersion could initially be gelled in the presence of cells
in vivo, then a cell-polymer aggregate matrix could be established,
while upon degradation of the cross linking centres i.e. the PLGA
cores, the resultant gel would be very weak and could release the
cells in the presence of very low shear. This is support for the prin-
ciple of a thermogelling cell delivery system.
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Fig. 4. Variation of G0 and tan d with oscillation frequency for PLGA(1%)/MI2-
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An important aspect from the viewpoint of mechanical property
tunability is the effect of MIx-PNIPAm concentration. The elasticity
of the dispersion can be increased by increasing the concentration
of thermoresponsive copolymer (Fig. S3a and b). A doubling of the
MI2-PNIPAm concentration increased the elastic modulus by a fac-
tor of ﬁve at 39 C. Values of up to 250 Pa were achieved for
PLGA(1%)/MI2-PNIPAm(4%). This must be due to an increased
number density of thermoassociative crosslinks within the gels.
The effect of copolymer type on the gelation temperatures (Tgel)
was also investigated using tube inversion measurements (see
Fig. 6a). For these measurements gelation corresponds to the elas-
ticity of the gels becoming sufﬁciently strong to support their own
weight. The Tgel values for the PLGA/MIx-PNIPAm dispersions were
comparable. The data from Fig. 6b shows that the presence of the
PLGA particles substantially decreases the Tgel values for the
PLGA/MI1-PNIPAm dispersions compared to that of the parent
MI1-PNIPAm solution. The PLGA particles behave as interactive ﬁll-
ers [31]. The PLGA particles must act as crosslinking sites. It is
potentially important that for a range of compositions and temper-
atures, the gel state for PLGA(1%)/MI1-PNIPAm can only exist when
PLGA particles are present. This region of the phase diagram is
shaded in Fig. 6b. This implies that gel-to-ﬂuid transitions could
occur over time in vivo, in principle, upon PLGA biodegradation if
the local shear were similar to that present during the tube inver-
sion measurements.
A new feature concerning these thermally-triggered PLGA gels
compared to earlier work [6], is that the PLGA/MIx-PNIPAm gels
form at very low total solid concentrations. For example, from
Fig. 6b it can be seen that a gel formed from the PLGA(1.0%)/
MI1-PNIPAm(0.5%) dispersion. That system contained about
98.5 vol.% water. This suggests a highly porous gel structure and
could be advantageous for nutrient ﬂow.
An interesting question concerns the role of particle size poly-
dispersity on the rheological behaviours discussed above. Although
this was not explicitly investigated in this study (e.g., by separating
the particles from the smaller particles), we can make some gen-
eral comments. Firstly, SEM of the particle gels (below) did not
show any of the larger particles. Therefore, the rheological behav-
iours observed above are probably dominated by the smaller par-
ticles. More generally, particle gel elasticity is an increasing
function of the number of elastically effective (particle) chains
per unit volume and the cohesiveness of the particles. Particle gels
are predominantly enthalpic in thermodynamic terms with the
major contribution being the interparticle interaction energy
[32]. Polydispersity should increase the number of elastically effec-
tive chains because it increases the total number of particles pres-
ent, giving a larger number of smaller particles. However, the
smaller particles will have a smaller attractive van der Waals inter-
action energy [33] and potentially lower cohesiveness. A detailed
experimental study would therefore be required to resolve this is-
sue. This is beyond the scope of the present study.
3.3. Gel morphology, mechanical ﬂexibility and cell viability
In the ﬁnal part of the study we sought to assess the potential of
using this new class of thermoresponsive dispersions as an inject-
able cell delivery system. It is understood that PNIPAm may have
limited potential as a biomaterial [34,35]. Nevertheless, our MIx-
PNIPAm copolymers are a useful structural model for designing
thermoresponsive copolymers for future cell delivery applications.
Here, we use PLGA/MIx-PNIPAm dispersions to test the new con-
cept of an injectable highly porous biodegradable cell delivery sys-
tem. PLGA(1.6%)/MI2-PNIPAm(3%) dispersion were selected for the
remainder of the study because MI2-PNIPAm gave the best combi-
nation of cell viability and gel-forming properties. Variable-tem-
perature rheology data for this system were shown in Fig. 5c and d.
Applications such as cardiac tissue repair require gels to with-
stand strains of up to 20% [36]. The dependence of G0 and tan d
on strain at 37 C was investigated (see Fig. 7). For the dispersions
containing PLGA the G0 values increased at high strain. A critical
strain beyond which G0 decreased to less than 95% of the maximum
value was identiﬁed, c. This corresponds to the onset of network
breakdown. Particle gels tend to be more brittle than macromolec-
ular gels [2] and c values less than 1% are common [37]. Remark-
ably, this was not the case for the PLGA/MI2-PNIPAm gels (Fig. 7).
The values of c for PLGA(1.6%)/MI2-PNIPAm(3%) and pure MI2-
PNIPAm(3%) were 160% and 45%, respectively. For comparison, a
dispersion containing a lower MI2-PNIPAm concentration,
PLGA(1.6%)/MI2-PNIPAm(1%), had a c value of 100%. It follows
that both the particles and thermoresponsive polymer coopera-
tively increase c and promote mechanical ﬂexibility. The data
shown in Fig. 7 reveal that unlike conventional particle gels,
PLGA/MI2-PNIPAm gels can withstand major strain without break-
down. This is a potential advantage for long term application of
this new general class of materials in the body.
The data shown in Fig. 7a shows evidence of strain hardening.
Indeed, this requires the presence of PLGA and is strongest for
the dispersion containing the highest proportion of PLGA. Strain
hardening has been observed for poly(acrylic acid)-b-polystyrene
star copolymers [38]. Those copolymers bear a structural resem-
blance to the present MIx-PNIPAm copolymers at temperatures
greater than the LCST, i.e., polyelectrolyte centre and hydrophobic
arms. However, MIx-PNIPAm is different because strain hardening
appears to require the PLGA particles. In order to probe the role of
PLGA further the measurements were repeated using only PLGA
particles. Those dispersions gave signals that were not distinguish-
able from the background electrolyte.
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Fig. 6. Gelation phase diagrams for (a) PLGA(1%) dispersions containing added MIx-
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solution. The shaded region in (b) shows the temperature and composition ranges
of the PLGA(1%)/MI1-PNIPAm gel for which PLGA particles are essential for gel
formation under the conditions used for the tube inversion measurements.
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Scanning electron micrographs were obtained for a PLGA(1.6%)/
MI2-PNIPAm(3%) gel dried in vacuum at 39 C (see Fig. 8). It can be
seen that there is a very high proportion of pores present. Some of
these pores have diameters of the order of several micrometres
(Fig. 8a). The higher magniﬁcation image (Fig. 8b) shows exten-
sively inter-connected elongated pores with pore lengths from
about 50 to several 100 s of nanometres are present. The gel net-
work consists of inter-connected strings of copolymer-coated PLGA
particles. There was no evidence of the larger particles which were
present as a minor component of the particle size distribution
(Fig. 1 inset). The morphology present within the hydrated gels is
assumed to be an expanded version of the morphology shown in
Fig. 8. The total porosity of the gel was about 95 vol.% It follows
that these gels would allow facile transport of nutrients through
the gel if they were able to be used as tissue scaffolds.
Preliminary cell viability studies were conducted using nucleus
pulposus cells cultured on the surface of the gels, i.e., two-dimen-
sional cell culture. The live/dead method was used to visualise the
cells (Fig. 9). Live and dead cells are green and red, respectively.
The systems investigated were PLGA(1.6%)/MI2-PNIPAm(3%) (a–
c), pure MI2-PNIPAm(3%) (d–f) and collagen (g–j). The latter was
a control gel. The PLGA particles adsorbed the red dye and made
visualisation of the cells difﬁcult for the PLGA/MI2-PNIPAm gel
(a–c). Nevertheless, viable (green) cells were evident after 6 and
72 h, with more cells visible after 72 h suggesting cell proliferation.
All of the cells were adherent and there was some evidence of
spreading (Fig. 9c). The latter image shows the spreading expected
for the general type of soft gel our dispersions produce [39,40].
Importantly, a high proportion of cells remained viable in the pure
MI2-PNIPAm polymer gels. Cell proliferation and spreading was
clearly apparent after 72 h (Fig. 9f). This suggests that MI2-PNIPAm
has good biocompatibility. However, there appeared to be more
cell death (red cells) in the PLGA/MI2-PNIPAm and MI2-PNIPAm
gels, when compared to collagen gels, suggesting that these gels
are not as biocompatible as collagen. Nevertheless, the data prove
the concept that these thermogelling systems can promote cell
growth. They provide proof-of-concept data for this new general
class of injectable gel-forming biodegradable dispersion which
has potential long term potential use as a cell delivery system. Fu-
ture work will explore three-dimensional injectable constructs,
which are beyond the scope of the present study.
3.4. Proposed mechanism for thermoresponsive dispersion behaviour
What are the species within the PLGA/MIx-PNIPAm dispersions
that are present at temperatures less than or greater than the
LCST? The MIx-PNIPAm copolymers are proposed to resemble ﬂex-
ible star-like copolymers [38]. They comprise a polyelectrolyte
centre and thermoresponsive arms (see Fig. 10). They can also
associate to a limited extent in solution at temperatures below
the LCST. MIx-PNIPAm adsorbs onto the negatively charged PLGA
nanoparticles and the neutral PNIPAm arms face the continuous
phase with a layer thickness of d. Because d is much greater than
j1 (about 9 nm) the zeta potential of the particles approached
zero once an adsorbed copolymer layer forms (see Fig. 2a). Some
PLGA aggregation also occurs at low temperature, presumably be-
cause of the limited tendency for MIx-PNIPAm chains to associate
at temperatures less than the LCST. However, all particle–particle
interactions become attractive at temperatures greater than the
Fig. 8. Representative scanning electron micrographs for a PLGA(1.6%)/MI2-
PNIPAm(3%) gel dried at 39 C obtained at (a) low and (b) high magniﬁcation.
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LCST and a particle gel forms (see Fig. 10). The particle gels become
ﬂuids upon cooling under gentle shear.
4. Conclusions
This study has shown that addition of a cationic graft PNIPAm
copolymer to anionic PLGA particles results in a thermoresponsive
dispersion. The dilute PLGA/MIx-PNIPAm dispersions undergo ther-
mally-triggered ﬂocculation and the CFT was very close to Tclpt for
the thermoresponsive copolymer. Concentrated dispersions exhibit
thermally-triggered gelation at similar temperatures to Tclpt. Impor-
tantly, these new gels formed at very low total polymer volume
fractions (e.g., less than about 0.05) and were porous at the micro-
metre andnanometre length scales. A highdegree of interconnectiv-
ity of the pores was evident. The elasticity of the gels increasedwith
PLGA and copolymer concentration. We aimed to produce a system
which gelled at physiological temperatures and this was achieved.
Two-dimensional cell viability data showed that PLGA/MI2-PNIPAm
Fig. 9. Fluorescence stereomicroscopy images of stained bovine nucleus pulposus cells cultured on the surface of PLGA(1.6%)/MI2-PNIPAm(3%) (a–c), pure MI2-PNIPAm(3%)
(d–f) and collagen (g–i). Cells were ﬂuorescently stained using live (green) and dead (red) dyes. The diffuse red colour shown in (a–c) is due to PLGA particles that have
adsorbed the red staining dye. The images were recorded at ca. 37 C. The culture periods for the cells are indicated. The shorter and longer scale bars represent 200 and
100 lm, respectively. The images shown in (c), (f) and (i) were obtained at high magniﬁcation. The arrows show spreading nucleus pulposus cells.
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supported nucleus pulposus cell growth for at least 3 days. The data
support the view that this general class of PLGA/cationic thermore-
sponsive copolymer structures may have potential long term use in
cell delivery. The ability of the PLGA to hydrolyse could assist gel
break down in vivo which could aid its removal by the body. This
aspect will be investigated in future work.
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